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Application of DfD (Design for Disassembly) concepts in the building industry 
has gained world-wide research interest in recent years due to its inherent benefits both 
economically and environmentally. However, it is obvious that available DfD research 
is seldom focused on demountable high-rise building systems as there are few if any 
DfD Moment-Resisting (M-R) connections. This dissertation proposed a feasible DfD 
M-R connection for implementation in residential high-rise apartment blocks in 
Singapore. The proposed DfD M-R connection was studied and the findings reported 
in this dissertation based on the experimental investigation and numerical study carried 
out. 
The DfD M-R connection proposed is based on bolted endplate connections. The 
proposed DfD connection was shown to possess significant moment resistance based 
on theoretical calculations and preliminary numerical analysis. A three-phase full-scale 
experimental test programme was conducted to investigate the structural performance 
of the proposed DfD M-R connection. 
In general the proposed DfD connections were found to be capable of providing 
significant moment resistance as well as good ductility when subjected to 
four-point-bending load and reverse cyclic load. It was also found that the process of 
deconstruction and reconstruction did not affect the structural performance of the 
proposed DfD connection providing necessary repairing and strengthening work were 
carried out prior to reconstruction. The provision of additional continuity 
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reinforcement above the connection ensured that the serviceability limit state of 
cracking can be satisfied. 
Finite element analysis was performed to study the performance of the proposed 
DfD M-R connection when used as part of a typical RC frame. The influences of two 
design parameters, viz. the endplate thickness and the bolt grade on the structural 
performance of the proposed DfD connection were studied through parametric study. 
The potential voids present at the connection region were simulated to investigate the 
influence of the voids on the structural performance of the proposed DfD connection. 
In general, the proposed DfD connection was deployed in a typical H-subframe and 
subjected to uniformly distributed gravity load (UDL) and lateral load (LL). It was 
found that the sub-frame models incorporating the proposed DfD connection behaved 
similarly to their corresponding monolithic RC frames when subjected to only UDL. 
However, the structural stiffness and ultimate LL of the sub-frame models were 
reduced due to the incorporation of the proposed DfD connection when subjected to 
LL. On the other hand, the crack propagation patterns in the sub-frame models with the 
proposed DfD connection incorporated were noticed to be different from that in the 
monolithic RC frame when subjected to UDL and LL. It was also found that the 
presence of voids had a significant adverse effect on the performance of the proposed 
DfD connection. 
Keywords: 
DfD (Design for Disassembly), moment-resisting, three-phase test programme, 
finite element analysis, bolted endplate connection 




D  Distance from the loading tip to the base of the cantilever specimen in push 
over test 
bEI  Flexural rigidity of beam 
,V RdF  Shear resistance of the bolt 
fG  Concrete tensile fracture energy 
0fG  Base value of concrete tensile fracture energy 
H Lateral load applied at the top of column 
bL  Beam length 
effL  Equivalent length of yield line in equivalent T-stub 
M  Moment obtained in the tests 
pM  Plastic moment capacity of the equivalent T-stub 
max
bendM  Ultimate moment capacity of test specimens obtained in four-point-bending 
tests 
max
cantiM  Ultimate moment capacity of test specimens obtained in push-over tests 
RdM  Theoretical moment capacity of the DfD connections 
serM  Service moment capacity when maximum crack width of 0.3mm was reached 
jS  Stiffness of joint 
85U  Tip displacement of test specimen when the applied load dropped to 85% of 
the peak load 
yU  Tip displacement of test specimen when the bolt first yielded 
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ca  Material parameter in concrete damage plasticity model 
b  Column length 
cd  Concrete compressive damage variable 
td  Concrete tensile damage variable 
ckf  Cylinder strength of concrete/mortar 
ctf  Tensile strength of concrete/mortar 
,ct flf  Flexural strength of concrete/mortar 
yf  Yield strength of steel plates 
uf  Ultimate strength of steel plates 
h  Column width 
bh  Beam depth 
k  Ratio between elastic modulus and ultimate modulus of concrete 
ik  Stiffness coefficient for basic joint component i 
m  Number of bolts required to resist tension 
n  Number of bolts not required to resist tension 
q  Uniformly distributed load applied along the beam 
t  Endplate thickness 
w  Crack opening 
lw  /f ctG f  corresponding to 0.2ct ctf   
z  Lever arm between the center of bolt row and compression concrete 
c  Concrete compression strain 
cl  Strain at concrete maximum compressive stress 
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eng  Engineering strain 
true  Logarithmatric plastic strain 
p  Plastic compressive strain 
eng  Engineering stress 
true  True stress 
ct  Concrete tensile stress 
u  Ultimate curvature 
y  Yield curvature 
  /c l   
  Mid-span deflection of specimen 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
1.1.1 Background 
Today, there is a shortage of sustainable supplies of good quality construction 
materials to meet the needs of a growing world population and the fast pace global 
urban development. Building construction has been identified to be high in the 
consumption of global materials and energy (Oks et al., 1993; Ortiz et al., 2008). The 
statistics show that buildings in the United States consumed 40% of the nation’s energy 
and 70% of its electricity (USEIA, 2004). New construction, maintenance, and 
renovation of buildings account for 40% of the world’s material flows (Roodman, et 
al., 1995). However, buildings were commonly demolished and rebuilt in a short 
period of time due to redevelopment and their inability to meet the needs of new 
owners and occupants (Athena Institute, 2004). The early demolition has resulted in a 
great waste of natural building materials as well as created undesirable environmental 
impact on the world. Thus the focus of researchers and engineers are on sustainable 
construction strategies in the building industry. The sustainable construction strategies 
in the building industry have been developed along three main fields: sustainability of 
concrete (John, 2003), sustainable construction methods (Palaski, 2004), and design 
for deconstruction (Guy et al, 2002; Kiber, 2003; Chini, 2005). Sustainability of 
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concrete aims to increase the material utilization efficiency through effective 
management and quality control during fabrication of concrete as well as the adoption 
of recycling of construction materials after demolition, while the sustainable 
construction methods seek benefits from the construction site through effective 
construction scheduling and management. Nevertheless, the recycling of construction 
debris has always been difficult, demanding a great deal of energy (both human and 
mechanical), besides being environmentally unfriendly as noise and dust are generated 
in abundance as by-products. In addition, the recycling of materials requires 
reprocessing or remanufacturing for new applications and the recycled materials tend 
to be of a lower quality compared with natural materials. For example, the recycled 
concrete aggregates currently produced shows much lower strength and modulus of 
elasticity compared with natural aggregates (De Juan and Gutierrez, 2009). Use of 
such aggregates are mainly as base and sub-base materials in carriageway construction 
or are mixed in small fractions (up to 20%) as replacement of natural aggregates to be 
used in structural concrete. Furthermore, not all construction debris is fully recyclable. 
A portion of the by-products finally goes to disposal as landfill. However, disposal 
through landfills is increasingly not viable nowadays. This is particularly so for small 
countries such as Singapore. Sustainable construction methods could be effective in 
reducing the debris waste during the construction stage by efficient construction 
management. However, the third strategy, design for deconstruction (DfD), may be 
deemed as the most direct approach in increasing the reusability of the construction 
material as instead of demolition and recycling of demolition debris or landfill, the 
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structural components are designed to be deconstructed and reused for a second cycle 
application.  
1.1.2 Design for Disassembly (DfD) 
Design for Deconstruction (DfD) is an emerging concept that borrows from the 
fields of design for disassembly, reuse, remanufacturing and recycling in the consumer 
product industries. Adoption of DfD in the building industry can significantly reduce 
pollution impact and increase resource and economic efficiency as instead of 
demolition and disposal of demolition debris as landfill the structural components can 
be disassembled and reused in the new buildings. In essence, the structural components 
may have two or more phases of service life as long as they are assessed to be 
satisfactory for further application rather than early demolition before they reach the 
end of their design service life. 
Actually, DfD as an idea is not new. Many vernacular and ―primitive‖ structures 
were designed and built in symbiotic relationships with their surroundings where repair, 
mobility and change were needed. For example, DfD was integral to the Native 
American tipi which the tribes assembled and disassembled to accommodate their 
migratory patterns. Other examples include timber structures in traditional cultures of 
ancient China and Japan and most steel frame structures. The former were regularly 
dismantled and reused with the aid of carpentry skills, while the latter have the 
potential for dismantlement through the use of bolted connections as a key ingredient, 
e.g. the Seagram Building in New York City. However, reinforced concrete structures 
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are still the most prevalent structural type that has been used in the modern 
construction industry particularly for the residential buildings. The application of the 
DfD concept in the case of RC structures is more challenging as conventional RC 
structure incorporates a large amount of cast-in-situ concrete, usually needed to form 
monolithic joints between structural elements thus resulting in difficulties in 
subsequent disassembly. 
1.1.3 Precast concrete technology 
Precast concrete structures have found ever-increasing applications in the 
construction industry in recent years, offering significant advantages including easier 
and quicker erection of the building structure, lower project cost, achieving tighter 
control over quality, enhanced durability, less material waste, high levels of design 
flexibility, better sustainability, enhanced occupational health and safety, better 
architectural appearance, and improved standardization and modularization of 
reinforced concrete components compared to on-site produced components (Chan and 
Hu, 2002; Eastman et al., 2003; Manrique et al., 2007). These advantages are still 
possible when DfD is conceptualized for precast concrete by incorporating a series of 
properly designed demountable precast connections and appropriate detailing. 
1.1.4 Precast connections between beams and columns 
The design and construction of precast connections could be the most important 
consideration in precast concrete structures, the purpose of which is to transmit forces 
between different structural members and to provide stability and robustness (Elliott, 
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2002). The precast connections to join the precast column and precast beam could be 
one of the most important connections in design and construction of precast skeletal 
frames. The connections can be located at the beam-column junction as beam-column 
connection, or within the beam span as beam-beam connection. These types of 
connections are thought of by the profession at large as being difficult to specify, 
design and construct (Elliott, 2002). The importance of these connections to the 
behavior of precast structures, both during the temporary construction phase and in 
service, cannot be over stated. In the early days, pinned or nominally pinned 
connections are used extensively to join the different precast components in precast 
structures as they may be formed in the simplest manner typically by 
element-to-element bearing. However, as building height increased, the large sizes of 
columns in pin jointed unbraced skeletal frame become impractical and uneconomic 
since bracing becomes necessary. Thus, continuous beam and column frames are 
usually preferred for application in high-rise buildings, especially in high-rise 
residential building system which features complex building layouts and limitations on 
the dimensions of precast components to maximize marketable usable floor space. 
Moment-Resisting (M-R) connections are usually required in high-rise continuous 
beam and column frames to transfer in-plane moment and torsional moment between 
the precast beam and precast column. The usage of M-R connections also aims to: 
1. Stabilize and to increase the stiffness of portal and skeletal frames; 
2. Reduce the depth of flexural frame members; 
3. Distribute second order moments to beams and slabs, and hence reduce 
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column moments; and 
4. Improve resistance of skeletal frame to progressive collapse. 
From the point view of DfD, however, current practice in precast concrete frame 
construction reveals that demountability is seldom an option available for typical M-R 
connections between beam and column, due to overlapping of continuity bars, use of 
cast-in-situ concrete and monolithic construction at the connection region. To pursue 
the DfD concept for application in typical high-rise residential buildings such as HDB 
(Housing and Development Board) apartment blocks in Singapore, proper design of 
demountable M-R connection is the key topic which is thus the main focus of this 
dissertation. The proposed DfD M-R connection will be mainly considered for joining 
the precast beam and column in this study. 
1.2 Literature review 
Various demountable precast concrete buildings systems reported in the literature 
will be reviewed in this section, followed by an overview of the design principles of 
DfD. In addition, some novel connection designs which possess certain degree of 
demountability although not intended for DfD were also included. Since the DfD M-R 
connections can be located at the beam-column junction, or within the beam span, the 
appropriate location of a DfD M-R connection in a typical beam-column frame 
structure will also be reviewed and discussed. On the other hand, in order to facilitate 
access to the DfD connections for subsequent disassembly, the DfD connections 
should be properly designed and detailed. As will be evident from the discussion in the 
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later sections, DfD M-R connections have to be designed with the provision for access 
for disassembly. Thus such connections must cater for ease of disassembly without 
damage to the precast DfD structural components framing into the joint. In addition, 
the connection must also be well protected against fire, corrosion and other durability 
concerns. Materials used to encase the DfD M-R connections must also be properly 
selected to ensure that serviceability and durability requirements are satisfied during 
the initial phase of service life prior to disassembly. Once disassembled all DfD 
components must be inspected and assessed for structural integrity before 
reconstruction for its next phase of service life in the new structure. 
In Section 1.2.9, some available demolition methods are reviewed. The focus will 
be on removal of small volumes of concrete or other cementitious materials used in 
typical DfD M-R connections. 
1.2.1 Demountable precast building systems in practice 
As mentioned in Section 1.1.3, precast concrete frames may be made 
demountable with thoughtful detailing and member selection. It is noted that 
demountability has been achieved in a number of precast building projects. They are 
reviewed in the following sections. 
The first demountable and re-erectable precast concrete structure constructed in 
Europe was a four-story office building designed by Hasslinger in 1968. It was then 
dismantled in a non-destructive manner and re-erected elsewhere as a school building 
in 1980 (Hasslinger, 1985). The precast building comprised a skeletal and panel system 
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in which special fasteners were used to form the pinned connection to facilitate the 
subsequent dismantlement. Although the precast building has proved the success of 
disassembly and re-assembly, it is clear that the connections used did not provide 
moment resistance and the layout of the building was rather simple and regular which 
limits the application of this building system in high-rise residential buildings. 
Demountability may also be achieved for a part of a precast building. A good 
example is Munich’s airport which was built in 1971. It was designed to enable 
demountability of the roof to facilitate the possibility of structural alteration and 
extension to satisfy the increasing traffic requirement in future. In 1985 structural 
alterations to the old airport with a further extension of the building became necessary. 
During this alteration work the condition and the demountability of the 14-year-old 
building were investigated (Gandler, 1985). The key DfD connection which facilitated 
the disassembly and extension of the airport was used between the roof girder and the 
column. In general, the DfD connection comprised of DYWIDAG threaded bars which 
were installed through the roof girder and extended into the column. The threaded bar 
was fastened with an anchorage nut on top of the precast girder. The anchor holes at 
the supports of the roof girders were not grouted with mortar as usual to facilitate 
future disassembly. The details of the connection are shown in Fig 1.1. Since the 
anchor holes were not grouted, this method seems ideal only if the service life of the 
demountable portion was limited as in this case. Again, the DfD connection was 
deemed to possess little moment resistance. 
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Fig 1.1 Details of demountable connection used in Munich’s airport  
(Gandler, 1985) 
Similar DfD connections were applied successfully in the ERGON precast 
industry building system in the Netherlands in 1980s (Acker, 1985). One of the key 
DfD connections as used is shown in Fig 1.2. As can be seen, the precast beams were 
connected to columns by means of dowels with threaded rods projecting from the 
columns into conduits or steel tubes cast into the beams. The rods were covered with a 
plastic sheath. A metal distribution plate was placed over the threaded rods before 
bolting. The tubes were filled up with bitumen. 
 
Fig 1.2 Details of demountable beam-column connection in ERGON system  
(Acker, 1985) 
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The above mentioned DfD connections using threaded bars or rods with end nut 
anchorages were later widely applied in the construction of precast concrete structures. 
The DfD connection was also extended for use in wall panel joints, column-column 
connection, column-base connection, beam-beam connection, etc. Some of them 
possess a certain amount of moment resistance, for instance, column-column 
connection using pre-embedded anchors and bolt joints. The details of which can be 
found elsewhere (Folic, 1985). 
Dismantlement of precast slab was facilitated by adoption of pre-embedded 
anchor and site welding connection or shear key at the slab edge with mortar filled in 
(Huyghe, 1985). The DfD connections possessed more or less moment resistance due 
to welding or tie bar. However, the demountability of the precast slab was suffered 
from them as well. 
The assembly and disassembly of precast units can also be achieved by using 
post-tensioning. The principle of which was well discussed (Conil,1985) and a typical 
example was proposed by Unicon Pariking Structure, Inc. of USA (Rice, 1978) for 
application in multiple-level building system. In general, the structure utilized a set of 
precast reinforced concrete units or modules, each comprising a slab and four 
supporting legs. These units were set side-by-side and end-to-end, as well as stacked 
vertically to form a multistory structure. It is worth noting that post tensioning tendons 
were used to secure the units together horizontally and vertically which could give rise 
to difficulty in structure dismantlement. In addition, with increase of building height, 
bracing may become necessary to ensure the stability of the building. 
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Demountable building systems have also been proposed based essentially on 
slab-column systems. Three types of slab-column systems were proposed during the 
past two decades in the Netherlands: BESTCON 30, CD20 and MATRIXBOUW 
system (Vambersky, 1994). As implied by their names, the slab-column system 
consisted of only two main structural elements: slabs and columns. They were mainly 
applied in office buildings, schools and hospitals which feature simple, regular and 
repetitious structural layouts. The principle details of the slab-column connections are 
illustrated in Fig 1.3. The connections facilitated assembly and disassembly to varying 
degrees of success. However, they were essentially pinned connections with negligible 
moment resistance, thus structural integral stability and lateral rigidity issues need to 
be addressed for use in high-rise buildings. 
 
Fig 1.3 Details of slab-column connections used in the Netherlands  
(Vambersky, 1994) 
Some novel designs of demountable structural connections has been proposed in 
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recent years, for instance, the demountable floor facilitated by the use of an aluminium 
foam core between two slabs (Weiss, 2007) and a concept for a deconstructable 
composite slab system which received an award in the Life Cycle Building Challenge 
(Kesner, 2010). The latter used specialized bolts, serrated clamps, and cast-in-channels 
to create a more easily disassembled system, allowing reuse of the composite slab. 
To date, most of the proposed DfD connections as reviewed are essentially pinned 
connections which possess little or no moment resistance. This is understandable as 
such connections facilitate the access to the structural elements during deconstruction 
and reconstruction operations. Also they seemed to be merely suited for low to 
medium rise precast structural frames. They are limited for application in high-rise 
residential building systems essentially due to the lack of significant moment 
resistance and flexibility in structural layout. 
1.2.2 Principles of DfD 
One key approach of DfD is the early integration of DfD into the project, as this 
will be most cost-effective. New or novel connections can be incorporated to suit the 
requirements of DfD as appropriate. However, it is not unusual for constraints to the 
application of the DfD concept in buildings to be present. For example, as in 
conventional constructions, certain preferred sizes of components are presented as 
dictated by local practice. Although, the design of DfD connections can be quite 
different from conventional ones, some principles should be followed and these may 
be relevant as design guidelines. 
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The Canadian Standard Association first published a standard for guiding the DfD 
and adaptability in building in 2006 (CSA, 2006), in which a general list of 
disassembly principles was provided and briefly discussed. The principles include: 
(a). Accessibility; 
(b). Documentation of disassembly information; 
(c). Durability; 
(d). Exposed and/or reversible connections; 
(e). Independence; 




(j). Reusability; and 
(k). Simplicity. 
The standard provided a good definition of the DfD concepts and general 
principles to keep in mind during the DfD design process. However, no specific 
considerations relating to DfD connection design was provided. A list of design 
principles which may be relatively more detailed could be found in Crowther’s paper 
(2002), which is reproduced here as shown in Table 1.1. In general, the suggested 
principles can be categorized into three main groups. Firstly, principle 1, 2, 4 and 24 
propose some criteria for the selection of construction materials in order to facilitate 
reusability and recycling of materials. Secondly, principle 3, 5, 6, 12, 16, 17, 21, 25 
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and 27 provide some guidelines for increasing the work efficiency during assembly 
and disassembly processes. Principle 8, 18, and 19 can be categorized into the third 
group which tries to propose some considerations in the design of DfD connections. 
Besides these 3 groups, the other principles are also important e.g. standardization and 
modularization as mentioned in principle 7, 10 and 22, and compatibility with 
prevailing construction practice, in principle 11. Although this comprehensive list is 
wide ranging, some other practical considerations such as reuse flexibility of structural 
components was not highlighted. In particular, allowing for the reuse of structural 
components from an existing DfD structure in a new construction may require a 
change in span, in the case of beams for example or height in the case of columns or a 
change in fixity of the structural joints. In the latter, DfD connections that are initially 
designed to be moment-resisting can be reused as simply supported ones. In addition, 
cost-effectiveness is always important and should be considered to ensure viability in 
achieving the desired level of economic benefits. 
Serving as a starting point of consideration of DfD, the listed terms and above 
mentioned principles could help in crafting of various criteria to be satisfied for a 
particular DfD application. However, it is realized that the above list is by no means 
exhaustive. In addition, some of the principles as suggested may not be applicable for 
all cases. An example is principle 3, calling for avoiding the use of composite materials. 
In the present context, ―composites‖ may refer to mixed materials (concrete and steel) 
or homogeneous layered materials (PVC piping, laminated wood products, etc.). 
Composites may, in fact, be very acceptable under certain conditions when recycling 
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of the composite mixture is feasible or when the ability to readily disassemble the 
composite layers has been designed into the product. One of the roles of concrete when 
used in composite structures is to provide sound protection for the embedded 
accompanying steel material against corrosion and fire. Thus a feasible DfD 
connection proposed for one particular application may not be suitable when applied in 
another situation. Each requiring a trade-off between the conflicting design principles 
applicable as discussed previously. 
Table 1.1 Principles of design for disassembly (DfD) as applied to buildings 
1. Use recycled and recyclable materials 
2. Minimize the number of types of materials 
3. Avoid composite materials and make inseparable products from the same materials 
4. Avoid toxic and hazardous materials 
5. Avoid secondary finishes to materials 
6. Provide standard and permanent identification of material types 
7. Minimize the number of different types of components 
8. Use mechanical rather than chemical connections 
9. Use an open building system with interchangeable parts 
10. Use modular design 
11. Use assembly technologies compatible with standard building practice 
12. Separate the structure from the cladding 
13. Provide access to all building 
14. Design components sized to suit handling at all stages 
15. Provide for handling components during assembly and disassembly 
16. Provide adequate tolerance to allow for disassembly 
17. Minimize numbers of fasteners and connectors 
18. Minimize types of connectors 
19. Design joints and connectors to withstand repeated assembly and disassembly 
20. Allow for parallel disassembly 
21. Provide permanent identification for each component 
22. Use a standard structural grid 
23. Use prefabricated sub-assemblies 
24. Use lightweight materials and components 
25. Identify point of disassembly permanently 
26. Provide spare parts and storage for them 
27. Retain information on the building and its assembly process 
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1.2.3 Conventional precast beam-column connection 
It is felt that a short review of conventional precast beam-column connections as 
used in current practice would be useful. It may be noted that from the perspective of 
this study, M-R connections may be located or in close proximity to the beam-column 
junction. Alternatively, such M-R connections may also be located within the span of a 
beam in a precast concrete frame structure. 
Versatile beam-column connections have been proposed since the first application 
of precast concrete structures. They can be categorized into two broad categories as 
shown in Fig 1.4 where: 
I. The vertical member is continuous (both in design and construction terms) 
and horizontal elements are connected to it; 
II. The vertical member is discontinuous (only in construction terms) and the 
horizontal elements are either structurally continuous or separate across the 
junction. 
For Type I connections, two further categories are usually defined: either the 
connection is hidden within the beam depth (e.g. billet beam-beam connection, welded 
plate beam-to-column hidden connection) or the connection is visible (e.g. shallow and 
deep corbels or nibs). This type of connection is usually designed as pinned or 
nominally pinned connection with negligible moment resisting capacity. Typical 
examples of Type I connection are shown in Fig 1.5. 
For Type II connections, the precast beam can be continuous at the beam-column 
junction both in design and construction terms or discontinuous only in construction 
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terms. Typical examples of Type II are shown in Fig.1.6. It is more likely to design this 
type of connection as a moment-resisting connection as continuous reinforcement is 
usually provided to resist the tension force of the applied moment. However, it is 
obvious that the conventional moment-resisting connections were not designed to 
facilitate disassembly due to reinforcement continuity at the beam-column junction. 
 
Fig 1.4 Types of beam-column connections (Elliott, 2002)  
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Fig 1.5 Typical examples of Type I beam-column connections (PCI, 2004)  
 
Fig.1.6 Typical examples of Type II beam-column connections (PCI, 2004)  
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1.2.4 Current practice in HDB apartment blocks 
The Housing and Development Board (HDB) of Singapore has gained worldwide 
recognition for setting high standards in public housing (Lau, 1996). Precast concrete 
technology has been widely used in the building of HDB apartment flats which reside 
about 80% of Singapore’s population, and some current practice of HDB apartment 
blocks are reviewed in this section. 
A tier-column of two-storey height (typical storey height is 2800mm) with 
protruding bars located at the two ends of the precast column for column splice is 
usually adopted in HDB practice (PTC, 1998). Continuous main reinforcement of the 
precast column is exposed at the beam level and cast together with the precast beam 
with protruding bars at the junction zone. Tension connecting bars are usually placed 
on top of the precast beam at the connection region before casting. Fig 1.7 shows 
schematically the details of the precast beam-column connection as used in HDB 
practice. With this configuration, the main reinforcement of the precast beam is 
properly anchored to provide the required moment resistance at the beam-column 
junction. Since the beam-column joint is cast together with the slab strip, the precast 
components are very difficult to dismantle without significant demolition work. In 
addition, the precast components and main reinforcement are likely to be damaged 
during the demolition process rendering the components unsuitable for reuse. 
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Fig 1.7 Typical details of precast beam-column connection in HDB practice 
Modular fabrication technology has been used in HDB practice. The precast 
column is usually fabricated in a rectangular shape resulting in larger flexural rigidity 
in the frame direction. The cross-section length of column, h, usually varies from 
200mm to 2000mm and the cross-section width, b, varies from 200mm to 400mm in 
practice. For the precast beam, a composite beam is usually formed after the cast in 
place slab strip. The overall height of beam varies from 300mm to 1000mm and the 
width of beam varies from 200mm to 1000mm in practice. Due to constraints imposed 
on dimensions by several factors (clear head room requirement, low typical storey 
height, erection crane capacity, etc.), precast components of significantly larger 
dimensions are seldom used. The typical column dimensions (h × b) adopted in HDB 
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practice is 1000mm×300mm and the precast beam of dimensions 300mm in width and 
500mm in depth are typically adopted. In addition, precast columns with a visible 
corbel are not acceptable due to clear head room requirement for residential buildings. 
The clear span of the beam in HDB apartments commonly ranged from 4m to 6m.  
1.2.5 DDC system and mechanical rebar splicing techniques 
There were some innovative M-R beam-column connections proposed for 
application in some seismic regions through a mixing of trades (e.g., welding, grouting, 
post-tensioning or cast-in-place concrete) by Rockwin Corporation in the 1980s 
(Englekirk, 1990). However, it was noticed that these connections slowed down the 
progress of the project, and as a consequence, eliminates one of the major benefits of 
precast concrete: its ability to be erected quickly. Hence, the Dywidag Ductile 
Connector (DDC) system was proposed by Rockwin Corporation in 1995 (Englekirk, 
1995) to address this issue. Fig 1.8 shows the details of the DDC system when applied 
in precast frames. The connection was usually applied at the junction between the 
precast column and the precast beam. The required inelastic response of the connection 
is provided totally by the DDC steel components at the beam-column interface. 
Temporary corbels could be provided to avoid additional propping during the erection 
process. It was reported that the DDC system was capable of providing sufficiently 
high flexural capacity, and was also advantageous in fast erection and excellent seismic 
resistance. Although it was not mentioned, the DDC connection was feasible in 
disassembly due to the application of bolt connections. However, to consider the DDC 
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connection as a DfD beam-column connection, particularly for application in 
residential buildings, three disadvantages were apparent: firstly, the fabrication cost 
was high due to usage of special steel components. Secondly, the reinforcement 
arrangement was constrained by the arrangement and dimensions adopted in the 
original DDC connector (i.e. the design is not amendable for incorporation of 
additional reinforcing steel if required at the connection region). The third 
disadvantage is the lack of the span flexibility. As the original DDC connectors are 
already in place, the incorporation of span extension element to accommodate an 
increase in span length of the beam when reused in the new building seems not 
possible. 
 
Fig 1.8 Elevation detail view of DDC system (Englekirk, 1995) 
Rebar splicing and anchoring technique were devised as an alternative to rebar 
lapping in the 1980s. This mechanical splice technique join rebars end-to-end, 
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providing the advantages of a continuous piece of rebar which is essential in providing 
the moment resistance of a RC section. To facilitate installation, a number of 
innovative mechanical rebar splicing devices and rebar couplers have been proposed 
during the past two decades. Fig 1.9 shows some examples of rebar splicing and rebar 
couplers. Most of these techniques aim to facilitate bar splicing during the construction 
stage in a more effective and safer way, particular for application in precast concrete 
structures. To incorporate them as a key component of a DfD connection is possible 
providing that excellent construction control is in place with rigorous construction 
tolerance, i.e. rebar alignment need to be guaranteed during assembly stage. Other 
issues need to be considered including ease of deconstruction and possible damage to 
the coupler and rebar during deconstruction operations. For example, the rebar 
partially encased as in a typical coupler render it to be nearly impossible to rotate for 
dismantling. In addition, rebar corrosion and encasing concrete may result in extreme 
difficulties in releasing without damaging the rebar splicing or rebar coupler during 
deconstruction operations. 
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Fig 1.9 Examples of rebar splicing and rebar coupler (a) dowel bar splicer system 
(Lancelot, 1986) (b) bar lock coupler system (Wilson and Oh, 2008) (c) taper lock 
coupler system(Lancelot, 1992) (d) taper lock column connector (Dayton superior 
handbook, 2010) 
1.2.6 Bolted endplate connections in steel construction 
The bolts in steel construction may transfer loads by shear, bearing, friction and 
tension. The use of bolts often facilitates the assembly of a structure, as only very 
simple tools are required. In addition, bolts connections are inherently demountable. 
Most bolted connections are usually incorporated with a welded connection to 
facilitate reliable force transfer in a typical steel construction joint, e.g. beam-column 
joint, beam splice, column splice and column base connection. Due to ease in 
demountability bolted steel joint connections are usually deemed to be easy to apply in 
conventional steel frame structures. 
A great number of steel joint designs have been proposed and applied in the past 
two decades (Bjorhovde et al., 1996). They can be classified according to strength as 
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being nominally pinned, of partial strength, or of full strength (SS EN 1993-1-8, 2010). 
A joint may be classified as full strength if its design moment resistance is not less than 
that of the connected members. A joint may be classified as nominally pinned if its 
design moment resistance is not greater than 0.25 times that required for a full strength 
joint, provided it has sufficient rotation capacity. A joint which cannot be classified as 
either nominally pinned or full strength is classified as partial strength. The joints can 
also be classified according to stiffness as being nominally pinned, semi-rigid, or rigid 
(SS EN 1993-1-8, 2010). A joint in a frame that is braced against significant sway may 
be classified as rigid if 8 /j b bS EI L  where jS  is the stiffness of joint, bEI  and 
bL  is the flexural rigidity of the beam connected and its length, respectively. A joint 
may be classified as nominally pinned if 0.5 /j b bS EI L . A joint which cannot be 
classified as either nominally pinned or rigid is classified as semi-rigid. 
Bolted moment end-plate connections are extensively used as moment-resisting 
connections in steel constructions. As shown in Fig 1.10, the endplate is fillet welded 
to the web and flanges of one member, and bolted to the other member. There are two 
general types of bolted endplate connections: flush endplate and extended endplate. A 
flush endplate is one in which the endplate does not extend beyond the flanges of the 
beam section and all rows of bolts are contained within the beam flange. An extended 
endplate connection is one in which the endplate protrudes beyond the flanges of the 
beam sections to allow for the placement of exterior bolts. An extensive review of 
literature on design procedure and equations for determining endplate connection 
strength was reported by Srouji et al. (1983) and empirical and analytical equations are 
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now available in SS EN 1993-1-8 (2010) to predict the strength and stiffness of the 
endplate connection. Obviously, the endplate connection facilitates assembly and 
disassembly due to the application of bolted connection. In some sense, the bolted 
endplate connection design is similar to the DDC system as mentioned previously, 
however, it may be considered to be more conventional in terms of material selection 
and perhaps simpler in fabrication.  
 
Fig 1.10 Details of bolted endplate connections  
(a) flush endplate (b) extended endplate 
1.2.7 Location of precast connection between beams and columns 
Current practice in precast concrete frame construction makes use of M-R 
connections which can be located at or in the immediate vicinity of the beam-column 
junction or within the beam span. Providing connection at the beam-column joint 
region has the disadvantage of disrupting the continuity of reinforcement. The 
congested reinforcement details at the joints always create difficulties during the 
erection stage. Moreover, the beam-column connection can be vulnerable under 
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seismic actions as they are subjected to reverse bending moments and shear forces. 
The induced shear forces in the joint region can typically be in the order of five times 
the column shear force (Lin and Restrepo, 2002). On the other hand, for frames 
adopting only beam-beam connections, the precast components of this system can be 
very heavy and difficult to transport due to their relatively larger dimensions. Frensh et 
al. (1989) had looked into the issue of moving the connections away from the column 
face. In their research, the connections were relocated away from the face of the 
column to the vicinity of the contra-flexure points along the span of the adjoining 
beam. It is noted that the contra-flexure point of a continuous frame beam when 
subjected to uniformly distributed gravity load is usually about 0.2l away from the 
centre of the support, where l is the effective beam span. However, when the frame is 
subjected to lateral load such as wind load, the contra-flexure point is usually assumed 
to be at the mid-span of the beam. For low-rise and most of high-rise residential 
building with maximum of 20 storey, the gravity load is likely to be more 
overwhelming than the wind load in the beam design. Thus, it is more reasonable to 
locate the DfD connection at a short distance away from the column face rather than at 
the mid-span of the beam for conventional high-rise residential building with 15 to 20 
storey height. Such a configuration implies that a precast column with a short, 
protruding beam stubs would be prepared, while the beam spanning in between 
columns would form another precast member. With such a frame configuration, the 
complete beam-column junction, in which the reinforcement details are congested, can 
be prefabricated precisely under factory controlled conditions. Reinforcement 
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continuity will further enhance the integrity of the joint and prevent premature failure. 
Most importantly, the condition in which plastic hinge location coincides with the 
critical connection regions can be avoided i.e. the force resistance requirement of the 
connection is comparatively lower. 
1.2.8 Demolition methods for removing small volume of concrete 
As discussed previously, the proposed DfD M-R connections are likely to be cast 
at or in the immediate vicinity of the beam-column junction or within the span of the 
beam. A feature of the connection is that small portion of the encasing concrete or 
other cementitious materials needs to be removed to access the DfD connection prior 
to separating the structural components. Thus, a brief review of the available 
demolition methods for removing the encasing concrete or other cementitious 
materials is provided in this section. 
Demolition techniques are continually evolving, becoming faster, safer and more 
cost effective (Atkinson and Faulkner, 2000). As covered in the BSI demolition code 
(BSI, 2000), prevailing demolition techniques generally included demolition by hand, 
demolition by mechanical machines, demolition by hydraulic machines, demolition by 
chemical agent and demolition by explosives. However, from the point view of 
stripping away a small portion of concrete or other cementitious material, only 
selective demolition methods should be considered such as mechanical hacking using 
small hand-held machines, expansive chemical agents or preinstalled inserts.  
It is common to use mechanical hacking method, for instance, using jackhammers 
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or impact drilling machines in the demolition of RC structures. Although mechanical 
hacking is noisy and time consuming, it provides a straightforward way to break up 
larger RC structural elements to be transported away from the demolition sites. On the 
other hand, some heavy-duty demolition machines such as hydraulic excavators, 
balling machines, heavy-duty grabs and impact breaker were usually adopted for 
demolition work of tall buildings or large civil infrastructure. Chemical explosives are 
also used for demolition work. However, they are not suitable for targeted removal of a 
small volume of concrete or other cementitious material as required in typical DfD 
connections. 
Other demolition methods have been used in practice to demolish RC structures 
including high-pressure water blasting and expansive chemical agents. The former 
usually needs skilled worker and specialized equipment. In addition, the methods may 
not be suitable for small localized demolition as well, i.e. removing the encasing 
concrete or other cementitious materials present at DfD connections without damaging 
the adjacent disassembled DfD structural components. The latter usually makes use of 
a relatively soundless chemical demolition agent (SCDA). SCDAs are powdery 
materials similar to Portland cement that consists primarily of lime. The destructive 
power of SCDAs is generated when the material is mixed with water and hydrates 
within a confined space. According to Gambatese (2003), SCDAs was proved to be 
able to generate controlled cracking within a localized area of concrete, thus 
facilitating the removal of a small portion of the concrete without damage to the 
adjacent structural concrete. However, the requirements of a long hydration time and 
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the requirement of pre-drill holes may inhibit its application.  
1.3 Objectives and scopes 
Based on the literature review as mentioned in Section 1.2, there is a need for 
suitable DfD moment-resisting connections for implementation in high-rise residential 
apartment blocks, especially use to join the precast beam and column. This is 
especially relevant in Singapore where 80% of population is house in HDB apartment 
blocks. In addition, Singapore is always faced with a severe shortage of good natural 
building materials and landfill space. In general, existing demountable building 
systems adopt DfD connections that are essentially pinned connections which possess 
little or no moment resistance. However, as building heights increased, the larger size 
of columns in pin jointed unbraced skeletal frame become impractical and uneconomic. 
On the other hand, conventional M-R connections tend to be difficult to disassemble 
without significant damage to adjacent structural components and/or the connection 
itself. Other connections available such as DDC system, mechanical rebar splicing and 
rebar couplers were investigated. The former was lacking in beam span flexibility to 
accommodate changes in structural layouts when the DfD components are deployed in 
new structures to be built. The latter could be difficult in subsequent disassembly. 
Nevertheless, the studies on the bolted endplate connections which are commonly used 
in steel frame construction show that it possesses high potential for incorporation as a 
key component of a DfD M-R connection. This study aims to propose an applicable 
demountable moment-resisting connection for implementation in HDB apartment 
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blocks which are usually of 15 to 20 stories height and thus the gravity load is more 
likely to govern the design of the structural components. The main objectives of this 
study are to: 
1. Propose a feasible and reliable DfD M-R connection based on the bolted 
endplate connection, appropriately modified, for application in typical 
residential high-rise apartment blocks in Singapore. The proposed 
connections are only considered to be used within the beam span rather than 
exactly at the beam-column junction. 
2. Suggest strategies for application of the proposed DfD M-R connection based 
on theoretical calculations and preliminary numerical analysis. 
3. Conduct a series of full-scale experimental tests to assess the structural 
performance of the proposed DfD M-R beam-column connections for their 
first service life and after deconstruction and reconstruction, and to verify the 
feasibility of the proposed demountable connection. 
4. Use general finite element analysis software ABAQUS/Standard to do further 
study on the performance of the proposed DfD connection when it is used as 
part of a structural frame. The proposed finite element model will be 
validated through comparison against the experimental data. The validated 
FEM will be further extended for an extensive numerical study on the 
performance of the proposed DfD connection when used as a part of a typical 
RC frame.  
5. Conduct parametric study on the main design parameters of the proposed 
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DfD connection to provide a comprehensive guidance on the design and 
application of the proposed DfD connection allowing for insufficient design 
and potential deterioration of the DfD connection due to corrosion. Means to 
facilitate disassembly operations will be looked into as well. 
The research is an important part of the research program of "Design for 
Disassembly Building System" in collaboration with the Housing and Development 
Board (HDB) in Singapore. This integrated study may be helpful in further 
understanding the application of the DfD concept in residential building systems. It 
may also be deemed as one of the most essential contribution in proposing and 
designing an applicable DfD high-rise residential building system. 
In this dissertation, the static properties of the proposed DfD connection, such as 
the flexural strength, crack propagation, and ductility performance, etc. are the main 
focuses. Although the dynamic characteristics of the connection could be important 
when seismic design is necessary, it is not within the scope of this present 
investigation. 
1.4 Organization of the thesis 
This thesis contains six chapters and one appendix. 
Chapter 1 gives an introduction of the research topic. In which, the background 
information in building industry are illustrated which initiates the necessity of this 
research. Literature review is included to cover the current practice of the DfD 
building system and available DfD connections with various degree of demountability. 
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Some other related considerations of the proposed DfD M-R connection such as 
location of the DfD connection and demolition methods available are discussed as 
well. 
The proposed DfD M-R connections will be covered in Chapter 2. In which, the 
conceptual design of the proposed DfD M-R connection is given, and strategies for 
application of the proposed DfD M-R connection during its first service life and 
second round application are discussed, followed by proposal of theoretical calculation 
of the structural properties of the proposed DfD connection. In addition, a preliminary 
numerical study is carried out in this Chapter as well to have a preliminary 
understanding of the structural behavior of the proposed connection before the state of 
the experimental test programmes. 
Chapter 3 describes the experimental programmes that are going to be conducted. 
A three-phase full-scale experimental test is scheduled to be carried out throughout this 
study. In Phase-1, the proposed DfD M-R connections will be investigated through 
determined four-point-bending testing to obtain the information of the structural 
properties of the proposed DfD connection when subjected to static flexural loading, 
such as the flexural strength, crack propagation, and curvature ductility ratio. Four 
specimens were tested in Phase-1. In Phase-2, the rest of the four-point-bending testing 
specimens (seven specimens) will be tested in three stages. The specimens will be 
tested up to service moment which may be determined by the maximum crack width 
presented as Stage-1, and then they will be unloaded and deconstructed and 
reconstructed as Stage-2. Necessary repairing, strengthening and optimization work 
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will be carried out prior to reconstruction. The specimens after reconstructed will be 
re-tested till failure to obtain the information of the structural performance of the 
proposed DfD connection after reconstruction and optimization when subjected to 
static flexural loading as Stage-3. In Phase-3, the proposed DfD M-R connections will 
be investigated through specified cantilever pushover test and a cyclic reverse 
cantilever load will be exerted. Ten specimens were tested in Phase-3. The aim of 
Phase-3 is to investigate the structural behavior of the proposed DfD connection when 
subjected to reverse cyclic loading which may exist during the transportation, erection 
and deconstruction process. The structural characteristics of the proposed DfD 
connection such as the displacement-moment hysteresis curve, energy dissipation 
capacity, stiffness degradation, crack propagation and displacement ductility factor 
were investigated.  
In Chapter 4, the commercial finite element software package ABAQUS/standard 
will be used to model the specimens subjected to four-point-bending loading. The 
proposed finite element models were later calibrated and validated by comparing the 
numerical results against the relevant experimental results. 
The study was further extended via an extensive numerical study in Chapter 5, in 
which, the performance of the proposed DfD connection when used as a part of a 
typical RC structural frame was thoroughly studied. In addition, the influence of the 
main design parameters such as end plate thickness and bolt grade on the structural 
performance of the proposed DfD connection was investigated. Means to facilitate 
disassembly operations of the proposed DfD connection was studied based on 
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conceptual finite element analysis. 
A summary and conclusions arrived at based on the study will be presented in 
Chapter 6 together with suggestions for further study of the research topic. 
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CHAPTER  2 
CONCEPTUAL DESIGN AND PRELIMINARY 
NUMERICAL ANALYSIS OF THE PROPOSED DFD M-R 
CONNECTION 
2.1 Conceptual design proposal 
2.1.1 Introduction 
As mentioned in Section 1.2.7, the bolted endplate connection is capable of 
providing moment resistance and has the potential for disassembly. Hence, it was 
selected as the basis of the proposed DfD M-R connection in this research. Three main 
modifications were proposed to satisfy the essential requirements of the DfD M-R 
connection. Firstly, it was proposed to weld the main reinforcement onto the flange of 
the embedded I-section flush with the endplate. Providing that there is sufficient weld 
anchorage length the proposed connection can be designed to meet the requirements of 
continuity. Secondly, it was proposed to locate the DfD M-R connection away from the 
face of the column as discussed in Section 1.2.8. With such a frame configuration, 
conventional RC design can be invoked for the precast component design with a 
specified moment resistance at the connection section. Since the proposed DfD M-R 
connection is located at a relatively less-critical region, the required moment capacity 
of the proposed connection could be reduced. Thirdly, it was proposed to use oversized 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
37 
holes on the endplate to cater for construction tolerance for the bolt connection 
assembly on-site. Starting from this basic premise, the proposed DfD M-R connection 
can then be proposed for use either in the vicinity of the beam-column junction (but 
not at the face of the column) or within the span of a beam used in a structural frame. 
In addition, the design will allow for flexibility to accommodate differences in beam 
spans between the original structural frame and the new structural frame in which the 
precast DfD beam components are to be reused. This will be achieved through the use 
of span extension units. 
2.1.2 Reuse flexibility consideration with respect to span of beam 
When the recycled structural components have been identified to have potential 
for reuse in a new building to be constructed, reuse flexibility is another major issue 
that needs to be addressed. This is due to the high possibility that the layout of the 
original structure is likely to differ from that of the new one to be constructed. In this 
study, span flexibility in the reusing of the recycled DfD precast beam component is 
one of the main focuses. 
 Structural frames with similar beam spans 
When there is little difference in the span lengths between the original span of the 
recycled precast beam and the span of the new beam to be constructed, the recycled 
precast beam can be reused without much modification as long as the moment and 
shear capacities are adequate, vis-a-vis the new design requirements. It is worth noting 
that the recycled precast beam components should be structurally assessed to ensure 
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structural integrity after the initial phase of service life. Deterioration if any should not 
impair structural performance and the structural components have sufficient residual 
service life. Necessary repair and/or strengthening should be carried out before 
reconstruction in the new building to begin the next phase of service life. 
Two reuse schemes are possible in this case. One of the possible reuse schemes is 
to reuse the deconstructed DfD beam as a simply supported beam when the new design 
load and span is relatively small. Another possible reuse schemes is to reuse the 
deconstructed DfD beam as a continuous beam by forming the proposed DfD M-R 
connection. In this reuse scheme, additional structural topping and reinforcement may 
be considered to increase the moment capacity as necessary especially the negative 
moment capacity. 
Fig 2.1 shows one typical application of the proposed bolted DfD connection. The 
construction procedure of a frame incorporating the proposed DfD connection is 
described as follows. Firstly, the precast columns with a short protruding beam ―stump‖ 
are installed. Subsequently, the precast beam with the partially encased I-section flush 
with the endplate are launched, one on each end of the precast beam and aligned for 
bolting into position. Once properly aligned, the shim plates are inserted to fill in 
possible gaps due to fabrication errors, construction tolerances, etc. The bolts are then 
installed and tightened to the designed torque. Finally, the joint is cast for protection 
against fire and corrosion. 
When deconstruction is necessary, the operations are conducted in reverse to 
dismantle the precast beam and column with minimal damage for reuse. Firstly, the 
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bolted connection is accessed after removing a portion of concrete or other 
cementitious materials encasing the DfD connection. Once access to the bolted 
connection was achieved, the precast beam can be separated from the precast column 
after releasing the bolts. An environmentally friendly demolition method could be 
utilized to remove the remaining portions of concrete or other cementitious materials 
encasing the DfD connection. The amount of material to be removed to allow for the 
bolts to be loosened and removed is assumed to be small. Once the embedded I-section 
is detached the precast DfD components can be disassembled. 
 
Fig 2.1 Details of the proposed DfD beam-column connection 
 Structural frames with a longer beam span 
As mentioned previously, there is a high possibility that the layout of the original 
structure is likely to differ from that of the new one to be constructed. If the recycled 
precast beam is much shorter than the span of the new beam to be constructed, span 
extension units may have to be deployed to increase the span of the recycled precast 
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beam. This will increase the reusability of the deconstructed DfD components. 
Two types of span extension units are proposed as shown in Fig 2.2. It is noted 
that the Type (1) span extension unit is fabricated as a single unit in the factory to be 
installed on-site. One end is connected to the precast column component and the other 
end to the precast beam component. Oversized bolt holes are provided in the endplate 
to cater for construction tolerance. The Type (2) span extension unit is to be fabricated 
as two halves for assembly on-site. On-site welding is required to connect the two 
halves together. This may be more advantageous as in addition to the use of oversized 
bolt holes on the end plates, the use of on-site welding is likely to be more flexible in 
accommodating geometric misfits and possible construction gaps. 
 
Fig 2.2 Proposed span extension for span flexibility consideration 
The proposed span extension units could be deployed at one end or both ends of 
the recycled precast beam as necessary. Fig 2.3 and Fig 2.4 illustrate schematically the 
reuse schemes of the deconstructed precast beam (B1) in this manner. It is noted that 
due to the incorporation of the extension units, one or two critical sections where the 
bolted DfD connections are located may be introduced. These should be structurally 
assessed as well. The span extension units could be designed to be either weaker or 
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stronger than the proposed DfD connection. The latter will be considered in this study 
for obvious reasons. In theory, the recycled precast beam can be used to suit any longer 
span length in the new building. However, the cost benefit of reuse of the recycled 
precast beam may be offset due to excessive steel material usage if the new span to be 
constructed is significantly longer than the original recycled beam span. In addition, 
incorporation of a relatively too long extension unit within the frame may affect the 
frame stiffness and a special design may be required which is usually not preferable for 
engineers. In that case, a longer DfD precast beam or a new precast beam may be more 
cost-competitive and adoptable. 
 
Fig 2.3 Increasing beam span by adding one span extension units 
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Fig 2.4 Increasing beam span by adding two span extension units 
2.1.3 Three alternative designs 
With the adoption of the proposed DfD connection concept as discussed in the 
previous sections, three different alternative designs of the DfD M-R connection are 
suggested in this section. They are named as A-series, B-series and WP-series, the 
details of which are illustrated in Fig 2.5. In the A-series, a deeper bolted DfD 
connection is used with no provision for continuity tie bars above the bolted DfD M-R 
connection. Thus structural topping is not considered in the design. In the B-series, the 
bolted DfD connection is of a smaller depth and is used allowing for continuity 
reinforcement to be provided in the cast-in-situ slab above the bolted DfD connection. 
Thus structural topping is an integral part of the design. The WP-series is similar to the 
B-series. However, span extension units are added where the proposed DfD M-R 
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connection are located to enable the recycled DfD beam to be used as part of a longer 
span beam in the new building. 
Since the main reinforcements are welded to the flange of the embedded I-section, 
the moment capacity of the precast beam section depends mainly on the depth of the 
embedded I-section. Thus, it may be preferable to adopt a larger depth of the 
embedded I-section (A-series) in order to obtain a larger moment arm and thus higher 
moment capacity of the precast beam and connection. In addition, the cast-in-situ slab 
layer in the A-series design could be much thinner than the B-series design. This may 
reduce the demolition work significantly during the deconstruction stage. On the other 
hand, the provision of the continuity tie-bar in the B-series design may render a better 
performance in cracking control compare to the A-series design. Thorough comparison 
between the A-series and B-series design will be conducted in this thesis through 
experimental investigation and numerical study. 
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Fig 2.5 Design approaches of the proposed DfD moment-resisting connection 
2.2 Structural properties of the proposed DfD connection 
Theoretical calculations of the structural properties such as moment resistance, 
shear force resistance, rotational stiffness and rotational capacity of the steel bolted 
endplate connection can be based on SS EN 1993-1-8 (2010). However, when the 
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bolted endplate connection is fully encased in a RC section, composite action between 
the concrete and the steel connection should be considered. In this section, theoretical 
computations of the structural properties of the proposed DfD connection are 
reviewed. 
2.2.1 Moment capacity 
For the steel bolted endplate connection, the moment resistance of the connection 
is contributed in tension by the rows of bolts and the compression provided by the the 
flange plate. In the SS EN 1993-1-8 (2010) approach, the complex pattern of yield 
lines which occurs around the bolts on the endplate is converted into a simple 
―equivalent T-stub‖ as shown in Fig 2.6. Each row of bolts or row combinations 
together with the endplate within an equivalent length of the yield line contributes an 
equivalent potential resistance force. The potential resistance force of the first row of 
bolts in tension is fully utilized whereas the resistance force of the subsequent rows of 
bolts can be calculated by Eq. 2.1. 
 
Fig 2.6 Equivalent T-stub (SS EN 1993-1-8, 2010) 
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         Eq. 2.1 
The resistance force of the ―equivalent T-stub‖ should be calculated by checking 
against three main possible failure modes as shown in Fig 2.7, where Q is the prying 
force. The corresponding resistance forces are calculated by Eq. 2.2 to 2.4. The 
resistance forces obtained should be checked against other possible failure modes such 
as web tension failure, flange buckling or crushing failure. However, they may be 
avoided by proper design detailing, e.g. web tension failure usually does not govern 
when flange plate stiffeners are provided. The smaller value is taken as the design 
potential resistance force for the row of bolts or bolt row group. 
2
, ,1 4 / ,    / 4t Rd p p eff yF M m M L t f                     Eq. 2.2 
   ', ,2 2 /t Rd p tF M n F m n                     Eq. 2.3 
'
, ,3t Rd tF F                           Eq. 2.4 
Where 
pM  is the plastic moment capacity of the equivalent T-stub representing the 
endplate; 
effL  is the equivalent length of yield line in equivalent T-stub as per SS EN 
1993-1-8 (2010); 
t  is the endplate thickness (mm); 
yf  is the yield strength of the endplate; 
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m  is the distance between the tip of web weld and the centre of bolt 
n  =emin, but 1.25n m  (Fig 2.6) 
 
 
Fig 2.7 Failure modes of equivalent T-stub (S.C.I, 1997) 
 
 For the steel bolted endplate connection, the centre of compression is simply 
assumed at the centre of the flange of the I-section. When the bolted endplate 
connection is fully encased in the concrete, the compression centre could be 
determined according to the section force equilibrium equations assuming that the 
tensile forces are carried by the row of bolts in tension and the equivalent compression 
force is carried by the concrete. The assumptions of equivalent compression stress 
block and deformation compatibility as per SS EN 1992-1-1 (2008) are deemed to be 
valid. Hence, the moment capacity of the proposed DfD moment-resisting connection 
can be calculated according to Eq. 2.5 and Eq. 2.6. 
,
1
















                            Eq. 2.6 
Where  
ckf   is the cylinder strength of concrete; 
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z  is the lever arm which is the distance between the centre of bolt row and 
compression concrete; 
2.2.2 Shear force capacity 
Shear force capacity of the steel bolted endplate connection is comprised of the 
full shear capacity of the bolts in compression and the partial shear capacity of the 
bolts in tension. A simplified approach has been suggested in SS EN 1993-1-8 (2010) 









                      Eq. 2.7  
Where 
,v RdF   is the shear resistance of the bolt; 
m    is the number of bolts that are required to resist tension; 
n    is the number of bolts that are not required to resist tension. 
Since the concrete within the gap of the proposed DfD beam-column connection is 
small, it could be ignored in the shear force capacity calculations. The simplified 
approach suggested in SS EN 1993-1-8 (2010) seemed acceptable for calculating the 
shear force capacity of the proposed DfD M-R connection. 
2.2.3 Rotational stiffness 
Steel bolted endplate connections are commonly deemed as rigid connections in 
braced frames or single storey portals. However, the connection rotational stiffness 
may affect the design when it is used in a multi-storey unbraced frame. In the SS EN 
1993-1-8 (2010) approach, a component stiffness method has been adopted, i.e. the 
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rotational stiffness of the bolted endplate connection should be determined from the 
flexibilities of its basic components. The general design equation of the rotational 
stiffness 
jS  is given in Clause 6.3 in SS EN 1993-1-8 (2010) provided that the design 
axial force in the connected member does not exceed 5% of the design resistance of its 
cross-section and it is reproduced as shown in Eq. 2.8 
2 / ( (1/ ))j i
i
S Ez k                         Eq. 2.8  
Where 
ik  is the stiffness coefficient for basic joint component i; 
z   is the lever arm; 
   is the stiffness ratio. 
Equation Eq. 2.8 could be used for calculating the rotational stiffness of the proposed 
DfD moment-resisting connection with minor modifications, i.e. the calculation of 
lever arm may need to consider the influence of the presence of encasing concrete. 
2.3 Preliminary numerical analysis of the proposed DfD M-R 
connection 
Preliminary investigation via numerical analysis is necessary prior to full-scale 
experimental tests. The results of a preliminary numerical study could provide some 
useful information in proposing an appropriate test set-up. In addition, the numerical 
study could provide a preliminary assessment of the structural properties of the 
proposed DfD connection. Thus potential deficiencies pertaining to the design could be 
highlighted and addressed in advance. 
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2.3.1 Detail of the specimens for preliminary numerical analysis 
Standard design of the A-series and B-series connection were proposed and 
incorporated as part of a typical RC beam test specimen as shown in Fig 2.8. Standard 
S275 steel was used for the steel plates with oversized holes with a diameter of 30mm 
provided in the endplate to accommodate Grade 8.8 M20 high strength bolts. A 
construction gap of 25mm was assumed. This was recommended as the minimum 
construction clearance in the PCI handbook (2004). The reinforcement details of the 
test specimens are shown in Fig 2.8 and sufficient weld length for reinforcement 
anchorage is provided. 
 
Fig 2.8 Detail of the analytical test specimens (A500 and B500)  
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The proposed specimens were subjected to a four point flexural loading with the 
proposed DfD M-R connections located at mid-span as shown in Fig 2.9. The 
preliminary numerical analysis mainly focused on the flexural strength of the proposed 
DfD M-R connections. It is noted that the specimens were analytically cast in two 
layers as separated by the dashed line in Fig 2.9: precast beam (bottom layer) and 
150mm slab level (top layer). The analysis was performed by applying the 
displacement load on the predefined reference point which was coupled with the 
loading area of the beam in the vertical direction. It is noted that the distance between 
the loading points is about 625mm. 
 
Fig 2.9 Detail of proposed analytical model (A500) [Unit mm] 
2.3.2 Finite element modelling 
2.3.2.1 General modeling description 
The finite element program ABAQU/Standard was used to model the test 
specimens (A500 and B500). The proposed FEM approach can be summarized as 
follows: 
1. Full bonding at the interface was assumed between the steel components and 
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concrete, i.e. relative slip between the steel and concrete was ignored. 
2. The rebar cage and the proposed connection were modeled as a single entity 
and embedded in the concrete model, thus the degrees of freedom (DOFs) of 
the nodes of the steel component parts were constrained by the DOFs of the 
nodes of the surrounding concrete elements. 
3. A mesh size of 30mm×30mm was adopted for the concrete beam portion and 
the embedded reinforcement while a finer mesh was applied at the proposed 
connection, i.e. the size of the elements of the steel plates and bolts was 5mm 
in the longitudinal direction and 10mm in the vertical direction. 
4. Eight-node solid elements with reduced integration (C3D8R) were used to 
model the concrete beam; four-node shell elements with reduced integration 
(S4R) were used to model the steel plates; 3D beam element (B31) and 3D 
truss elements (T3D2) were used to model the high strength bolts and rebars, 
respectively. 
5. The weld and bolt assemblies (washer, shim plate) were ignored to simplify 
modeling. The portion of the main reinforcement within the weld anchorage 
region was modeled using shell elements with the equivalent sectional area. 
Since the shim plate was not modeled, the construction gap was modeled by 
merging the bolt with length of 55mm and the endplate, i.e. the 25mm 
construction gap was included in the bolt length. 
6. Shell section offset was defined to model the configuration of the connection 
assembly exactly. 
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7. Elastic-plastic model was used to model the constitutive relationship of the 
steel elements such as steel plates, reinforcement and bolts and the concrete 
damaged plasticity (CDP) model was used to model concrete behavior.  
Table 2.1 summarized the typical mechanical properties used in this preliminary 
numerical analysis model. Further discussion of the FEM approach will be covered in 
Chapter 4 as well. 
Table 2.1 Mechanical properties of the concrete and steel component parts 









Con(slab level) 40.8 2.52 22.6 
Con(precast) 54.4 2.55 25.4 
Strength of steel component parts (MPa) 
Type Elastic modulus Yield strength Ultimate strength 
Rebar 200×10
3
 491 697 
Steel plates 200×10
3
 296 483 
Bolts 200×10
3
 640 800 
 Three cylinder samples were tested under compression to obtain the compressive strength 
and elastic modulus of the concrete for each cast; 
 Three coupon specimens were tested under tensile to obtain the tensile strength and elastic 
modulus of the steel plate and reinforcement; 
 Tabulate values as per in SS EN 1993-1-8 (2010) were used for the mechanical 
properties of the high strength bolts. 
 The methods as described in item 1 to 3 are generally adopted throughout the tests 
in Chapter 3. 
2.3.2.2 Concrete model 
The CDP model uses the yield function proposed by Lubliner et al. (1989) and 
incorporates the modifications proposed by Lee and Fenves (1998) to consider 
different evolutions of concrete strength characteristics under tension and compression. 
The constitutive relationship of concrete under compression can be automatically 
calculated by ABAQUS with the provision of the compression stress-strain 
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relationship of concrete under uniaxial compressive force and some necessary material 
parameters such as the dilation angle Ψ, ratio of biaxial compression strength and 
uniaxial compression strength a, eccentricity ε and parameter Kc. The suggested values 
of the material parameters in the literature papers (Kupfer et al., 1969; Lubliner et al., 
1989; Jankowiak and Odygowski, 2005; Malm et al., 2006) were adopted as presented 
in Table 2.2.  
Table 2.2 Suggested material parameters of concrete modeling 
Ψ ε a (MPa/MPa) Kc 
38° 0.1 1.16 0.667 
In this study, the concrete stress-strain relationship under uniaxial compression 
load was obtained from concrete cylinder compression tests. Linear elastic stress in 
compression was assumed up to 0.4
ckf  (Carreira and Chu, 1985). Beyond this point, 
the nonlinear response of concrete could be derived based on the concrete cylinder 
compression test results and approximate equations Eq. 2.9 and Eq. 2.10 as per 
CEB-FIP code (1993). In which, the value cl  and k  can be obtained from the 
compressive stress-strain curve based on the concrete cylinder compression test results. 






















   
 
   
    
 

    

    
              

    Eq. 2.9 
With 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
55 
 


























    




    
            Eq. 2.10 
Where 
c   is the concrete compression strain; 
cl   is the strain at maximum compressive stress ,maxcf ; 
k  /ci clE E  is the ratio between elastic modulus and ultimate modulus; 
   /c cl  . 
1 exp( )pc cd a                           Eq. 2.11 
Where 
cd   is the compressive damage variable; 
p   is the plastic compressive strain; 
ca   is material parameter. 
The constitutive relationship of concrete under tension can be automatically 
calculated by inputting the stress-strain relationship or stress-crack opening 
relationship of concrete under uniaxial tension. In this study, the stress-crack opening 
relationship of concrete was used according to Eq. 2.12. The tensile damage variable 
could be derived according to the ratio of the area under the stress-crack opening 
curve. 
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( ) 1 0.8  for 
( ) 0.25 0.05  for 
ct ct l
l
ct ct l c
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   
 
 
    
 
            Eq. 2.12 
Where 
ctf   is the tensile strength of concrete; 
w   is the crack opening in mm; 
lw   /  corresponding to 0.2f ct ct ctG f f  ; 
cw   5 /  corresponding to 0f ct ctG f   ; 
fG  is the concrete tensile fracture energy.  
It is noted that the flexural strength of concrete 
,ct flf  obtained in tests performed 
to ASTM E529-04 was used to derive the tensile strength of concrete according to Eq. 
2.13. 
   0.7 0.7,1.5 /100 / 1 1.5( /100)ctm ct fl b bf f h h             Eq. 2.13 
Where 
bh   is the beam depth in flexural test. 
Fig 2.10 shows the typical concrete constitutive relationships as adopted in this 
study. 
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Fig 2.10 Typical concrete constitutive relationship (a) compression (b) tension 
2.3.2.3 Boundary conditions 
As described in Section 2.4.1, a displacement control analysis was performed in 
this preliminary numerical study. The displacement load was applied on the predefined 
reference points which were coupled with the loading area of the beam in the vertical 
direction. To mitigate the stress concentration issue which was commonly encountered 
in FEA, the simply supported boundary conditions (BCs) were applied on the 
predefined reference points which were coupled with the support area for all of the 
DOFs. Fig 2.11 shows the finite element model with boundary conditions. 
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Fig 2.11 BCs of FEM and view of embedded steel parts (A500) 
2.3.3 Result and discussion 
2.3.3.1 Moment vs. mid-span deflection 
Fig 2.12 shows the numerical analysis results of the A500 and B500 specimens in 
terms of moment versus the mid-span deflection curve. The predicted moment 
resistances of the proposed DfD connection were also given (theoretical calculations 
were given in Appendix A). It is noted that the material strain hardening effect has 
been considered in the theoretical calculations and FEM. It is noticed that the M-Δ 
plots of the A500 and B500 specimens was quite similar. However, the ultimate 
moment capacity of the proposed connection obtained numerically was much higher 
than the predicted value. This was probably due to the constraining effect afforded by 
the presence of the encasing concrete which is expected to influence the equivalent 
yield line pattern on the endplate adopted in SS EN 1993-1-8 (2010).  
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Fig 2.12 Moment vs. mid-span deflection curves (A500 and B500) 
2.3.3.2 Stress distribution in the embedded steel elements 
To understand the general response of the proposed DfD connection when 
subjected to static flexural load, the stress distribution on the steel components in the 
A500 specimen and the B500 specimens were investigated in this section. Fig 2.13 and 
Fig 2.14 show the Von-Mises stress distributions of the embedded steel elements 
captured at yield initiation of the different steel components parts (i.e. flange plate, 
endplate, web plate and reinforcement) of the A500 and the B500 specimen, 
respectively. It is noted, for the A500 specimen that localized yielding first occurred at 
the junction between the flange plate and endplate at an applied bending moment of 
about 80 kNm. This was followed by the yielding of the endplate near the bottom 
tension bolts and the bolts at a moment of about 95 kNm and 99 kNm, respectively. 
Yield was noticed at the web plate at a moment of about 200kNm with severe yielding 
of the endplate and flange plate. Finally, yield was noticed on the main reinforcement 
bars at a moment of about 211 kNm. For the B500 specimen, localized yielding first 
occurred on the endplate at the vicinity of the junction between the endplate and flange 
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plate at an applied bending moment of about 128.8 kNm. This was followed by the 
yielding of the tie-bar at a moment of about 142.3 kNm. Finally, yielding was also 
noticed on the web plate at a moment of about 220.9 kNm. A comparison of the stress 
distribution results of the A500 and B500 specimens showed that the yielding of the 
steel components parts in the A500 specimen was more severe than that in the B500 
specimen. This may due to that fact that the proposed A500 DfD connection was 
nearer to the tensile side of the beam than in the case of the B500 specimen. Although 
the height of the embedded I-section of the B500 specimen was smaller than that of the 
A500 specimen, the moment capacity of both specimens was similar. This may due to 
the presence of the additional tie-bar in the B500 specimen. Although the proposed 
DfD M-R connections seemed to be capable of providing significantly high moment 
capacity, the applied load should not exceed the service load capacity of the proposed 
DfD M-R connection to avoid excessive deformation occurring during its first phase of 
service life. Excessive deformation of the proposed DfD connection may result in 
difficulty in the deconstruction and reconstruction. 
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Fig 2.13 A500 specimen V-M stress contour at yielding initiation on (a) flange plate (b) 
endplate (c) web plate and (d) main rebar 
 
Fig 2.14 B500 specimen V-M stress contour at yielding initiation on (a) endplate (b) 
tie-bar (c) flange plate and (d) web plate 
2.3.3.3 Crack propagation 
Compare to the conventional M-R R-C connection, the bolted DfD M-R 
connection is relied on to provide force continuity between the connecting precast 
components. This may affect the structural integrity at the connection region and 
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tensile cracking is likely to occur at the weak link section. Excessive cracking is 
undesirable in RC structure design due to durability issues, thus the crack propagation 
of the specimens was investigated in this section by evaluating the tensile damage 
variable of the RC beam through post-processing of the analytical results obtained. 
As discussed previously, the concrete crack width is related to the tensile damage 
variable in the CDP model in ABAQUS, the tensile damage variable distribution 
contours of the A500 specimen and the B500 specimen when a maximum tensile 
damage of 0.95 was first reached were plotted as shown in Fig 2.15. The corresponding 
applied bending moments reached were about 71.5kNm and 72.7kNm, respectively. 
However, it seemed that the damage was more confined at the bolted connection 
section in the A500 specimen than in the B500 specimen. The tensile damage variable 
distribution contours were also plotted when the maximum mid-span deflection of the 
specimens reached about 20mm as shown in Fig 2.16. It seemed there was no much 
difference between the A500 specimen and the B500 specimen in terms of final crack 
propagation pattern except that the cracking in the B500 specimen was more uniformly 
distributed than that of the A500 specimen. It was probably due to the presence of the 
continuity tie-bar. Damage at the bolted connection section was found to be severe in 
both the A500 specimen and the B500 specimen at the final loading stage near failure. 
It may have result in excessive crack widths on the RC beam. The excessive wide 
crack is not acceptable due to durability consideration. And it should be investigated 
and the design be optimized if necessary. 
It is difficult to accurately quantify the crack width using the CDP model in 
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ABAQUS. The crack width control performance of the proposed DfD connection will 
be investigated through full-scale experimental test. 
 
Fig 2.15 Tensile damage variable propagation when the maximum tensile damaged is 
firstly reached in (a) A500 specimen (b) B500 specimen 
 
Fig 2.16 Final tensile damage variable distribution of (a) A500 specimen and (b) B500 
specimen 
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2.4 Conclusions 
In this Chapter, a series of DfD M-R connections based on bolted endplate 
connections were proposed for application in HDB apartment blocks in Singapore. 
Conceptual design and reuse flexibility of the proposed DfD connections were 
discussed. Theoretical calculations of the structural properties of the proposed 
connection were also reviewed. In addition, preliminary numerical analyses using 
finite element modeling (FEM) was performed to have a preliminary assessment of the 
structural performance of the proposed connections. In summary, several conclusions 
can be drawn as follows: 
1. The proposed DfD connection was deemed to be feasible conceptually. It is 
also possible to reuse the recycled DfD beam as part of a longer span beam in 
the new building to be constructed. 
2. The preliminary numerical analyses results showed that the proposed DfD 
connection was capable of providing significantly high moment capacity. 
3. Comparison of the internal stress distribution on the steel components parts in 
the A500 specimen and the B500 specimen showed that the yielding in the 
steel components of the proposed connection was more severe in the A500 
specimen than that of the B500 specimen. Although the embedded I-section 
in the B500 specimen was smaller than that of the A500 specimen, their 
ultimate moment capacities were found to be similar. It may due to the 
presence of the continuity tie-bar was provided in the B500 specimen. 
4. Investigation of the tensile damage variable of the specimens in the 
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preliminary numerical analysis showed that the tensile cracking confined at 
the bolted connection section of both the A500 specimen and the B500 
specimen. 
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CHAPTER 3 
EXPERIMENTAL INVESTIGATION OF THE 
PROPOSED DFD M-R CONNECTION 
3.1 Introduction 
Although it has been verified that the proposed DfD M-R connections are capable 
of providing significant moment resistance in Chapter 2 based on theoretical 
calculations and preliminary finite element analysis, experimental tests are still needed 
to investigate the structural performance of the proposed connections, such as flexural 
strength, stiffness, ductility behavior, crack propagation, etc. In addition, it is essential 
to verify the feasibility of deconstruction and reconstruction of the proposed DfD 
connections and to investigate the structural performance of the proposed DfD 
connections after reconstruction. 
In this section, a series of experimental tests will be presented. It is noted that the 
tests were intended to test how the proposed DfD M-R connections perform up till 
failure rather than emphasizing the performance of the structural components i.e. beam 
or column, themselves. In general, the test programme conducted at the National 
University of Singapore comprised three phases. In Phase-1, the proposed DfD M-R 
connections will be investigated by subjecting the DfD M-R connection to flexure 
under four-point-bending testing to obtain information on the structural properties of 
the proposed connection when subjected to static flexural loading, such as the flexural 
strength, crack propagation, and curvature ductility factor. Four specimens were tested 
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in Phase-1. In Phase-2, a total of seven specimens was tested in three stages. The 
specimens was tested up to service moment serM  which was determined when the 
observed maximum crack width reached 0.3mm as per SS EN 1992-1-1 (2008) during 
Stage-1. Subsequently, they will be unloaded, deconstructed and reconstructed during 
Stage-2. Repairing, and/or strengthening work as necessary will be carried out prior to 
reconstruction. The specimens after reconstruction will be re-tested till failure to assess 
structural performance of the proposed DfD connection after reconstruction when 
subjected to static flexural loading during Stage-3. In Phase-3, the proposed DfD M-R 
connections will be investigated through cantilever pushover tests under reverse cyclic 
cantilever loading in order to assess structural performance of the proposed DfD 
connection when subjected to reverse cyclic load which may arise from handling, 
lifting and deconstruction operations of a DfD connection. Ten cantilever specimens 
were tested in Phase-3. The main focuses of Phase-3 testing included the 
displacement-moment hysteresis curve, energy dissipation capacity, stiffness 
degradation, crack propagation and displacement ductility factor. 
3.2 Phase-1—four-point-bending test 
3.2.1 Specimens and test setup 
The three alternative designs: A-series, B-series and WP-series as described in 
Chapter 2 were selected for investigation in the experimental programme. For the 
four-point-bending test, specimens with the proposed DfD M-R connections located at 
the mid-span of the concrete specimen were used. The structural performance of the 
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proposed DfD connection when subjected to static flexural loading is the main focus in 
this series of tests. The details of the four-point-bending test specimens are shown in 
Fig 3.1. Specimen cross sections of dimension 300mm width and 500mm depth were 
adopted. The dimensions of the specimen were typical of beam used in apartment 
blocks in Singapore. In addition, specimens with a depth of 650mm were also tested in 
order to evaluate the effect of specimen depth on the structural behavior of the 
proposed DfD M-R connections. In total five series of specimens were prepared 
according to the different alternative designs and depths of specimens viz. A500, A650, 
B500, B650 and WP650. For the WP650-series, Type (2) span extension unit as 
described in Section 2.2.2 with a length of 500mm was added. Thus the span of the 
WP650-series specimens was 3500mm while the other test specimens were of span 
3000mm. A construction gap of 25mm was nominally provided between the two 
endplates at the connections for all the four-point-bending test specimens except for 
the WP-series specimens. In the WP-series specimens, normal sized holes were 
provided on the endplate and the construction gap provided was located at the span 
extension units as described in Chapter 2. In total, there were two specimens prepared 
for each series of four-point-bending test specimens except that three A500-series 
specimens were prepared. For all the four-point-bending test specimens, a typical slab 
depth of about 150mm was included in the total depth of the test specimen. The 
specimens were cast in two layers, viz. the precast beam portion and the 150mm thick 
slab portion. The process of preparation of the four-point-bending test specimens can 
be generally illustrated as shown in Fig 3.2 to Fig 3.5. 
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As mentioned previously, the four-point-bending tests were carried out in two 
phases. In Phase-1, two each of A500 (A500-1 and A500-2) and B500 (B500-1 and 
B500-2) specimens were tested to obtain the preliminary information on the structural 
performance of the proposed DfD M-R connections when subjected to static flexural 
loading. The other seven specimens (one A500 and two each of A650, B650 and 
WP650) were tested through three stages in Phase-2. 
 
Fig 3.1 Details of the specimens (a) A-series and (b) B-series and WP-series 
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Fig 3.2 Halves of rebar cage with the proposed DfD M-R connection  
 
Fig 3.3 Assemblage of the rebar cage with the B650 connection 
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Fig 3.4 Preparation of moulds 
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Fig 3.5 Specimens after final round of casting 
Table 3.1 summarizes the mechanical properties of the concrete and mortar as 
used in the preparation of the four-point-bending test specimens. The mechanical 
properties of steel components have been presented as shown in Table 2.1 in Section 
2.3.2.1. It is noted the compression strength of concrete at slab portion was one grade 
higher than the precast beam portion in A-series specimen. This was not deemed to 
affect the result of the ultimate moment capacity of the connection as the slab portion 





Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
73 
Table 3.1 Typical mechanical properties of concrete 
Types 










,ctm flf ) 
concrete-precast (A-series)
1
 40.8 3.4 27.8 









34.9 2.6 24.2 




30.4 2.5 24.1 
1
 Ready-mix concrete was used, thus the concrete quality was not well controlled. 
2 
ASTM E529-04 standard tests were performed to obtain the flexural tensile strength. 
 Three cylinder samples were tested under compression to obtain the compressive strength 
and elastic modulus of the concrete for each cast; 
 Three coupon specimens were tested under tensile to obtain the tensile strength and elastic 
modulus of the steel plate and reinforcement; 
 Tabulate values as per in SS EN 1993-1-8 (2010) were used for the mechanical 
properties of the high strength bolts. 
 
Fig 3.6 shows the test set-up and instrumentation of a typical four-point-bending 
test conducted. This set-up was used in Phase-2 testing as well. It can be seen that the 
proposed DfD M-R connection was located at the mid-span of the test specimen. Strain 
gauges were installed at various locations of the DfD M-R connection as shown in Fig 
3.6 in order to monitor the load vs. strain history of the different component parts in the 
test specimens, viz. flange plate (FT1, FT2), endplate within the bottom two bolt row 
(C1-C4), web plate (W1-W3), and reinforcement bar (RT1-RT4) when subjected to 
flexural loading. Five linear variable differential transducers (LVDT) were installed at 
the bottom of each specimen to measure the deflection of the specimens. The readings 
taken from DT1, DT2 and DT3 provided the gross deflection, later corrected for effects 
of settlement of the supports recorded by LT and RT. A special aluminum frame with 
four LVDTs (TT1, 2, BT1, 2) each with a gauge length of 200mm was mounted 
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longitudinally at mid span at the top and at the soffit of specimen as shown in Fig 3.6. 
The four LVDTs one on each side of the spreader beam were used to monitor strains at 
the top and soffit of the specimen. All the data were recorded using a data acquisition 
system TDS530. 
 
Fig 3.6 Test set-up and instrumentation of the four-point-bending test 
3.2.2 Results and discussion 
3.2.2.1 Moment resistance 
The bending moment versus mid-span deflection curves of both of the A500 and 
B500 specimens tested during Phase-1 were compared as shown in Fig 3.7. As can be 
seen, both specimens registered a high moment capacity of about 200kNm. It was noted 
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that premature failure occurred for one of the A500 specimen (A500-2) and two of the 
B500 specimens due to fracture failure of the welds at the junction between flange plate 
and endplate. More experimental data are available in Appendix A. 
 
Fig 3.7 Comparison of M-Δ results between A500-1 and B500-2 specimens 
3.2.2.2 Ductility behavior 
The curvature-ductility factor (CDF) defined as the ratio of the ultimate curvature 
and the yield curvature was used as an index to assess the ductility performance of the 
DfD connection. In the present study, the ultimate curvature ( u ) was defined as the 
curvature value when the applied moment dropped to 80% of the peak moment after the 
peak moment was reached. The yield curvature ( y ) was defined as the value when the 
bolt closest to the tension face of the section first yielded (Watson, et al, 1994). The 
curvature was derived by dividing the summation of the strains on both sides of the 
specimen by the distance between the measured points. The strain in the bolt was 
derived based on the assumption of plane section remaining plane after bending (Park 
and Paulay, 1975). The test results showed that the CDF value of the A500 specimen 
can achieve a value of 20 or more. This may be used to indicate ductile failure of the 
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proposed DfD connection (Watson et al, 1994). However, the curvature-ductility factor 
of the B500 specimen was much lower due to premature fracture failure of the welds, 
mentioned previously. The CDF results were summarized in Section3.3.3. 
3.2.2.3 Stress distribution in the embedded steel components 
To better understand the general response of the embedded steel components when 
subjected to static flexural loading, the load vs. strain history of the pre-installed strain 
gauges was recorded. The results corresponding to the A500 and B500 specimens are 
shown in Fig 3.8, in which the applied moments at the yielding initiation of different 
steel component parts of the DfD connection are indicated. Also indicated are the 
yielding strains as represented by the vertical dashed lines. Strains on the endplate are 
not plotted and it is noted that the Von-Mises stresses on the endplate were derived to 
indicate the yielding initiation on the endplate. This was done using the reading of C1 
to C4 gauges as shown in Fig 3.6. 
Based on the recorded results, it is noticed, for A500 specimens, the bottom bolts 
yielded first at 84 kNm followed by yielding of the endplate between the two bottom 
bolt rows at 100 kNm. This was followed by yielding of the flange plate at 160 kNm. 
Yielding of the main reinforcement bar and the web plate were noticed subsequently 
after 167 kNm. It was observed that when the specimen reached its ultimate failure, the 
strain on the main reinforcement bars within the weld anchorage region (i.e. RT1) 
registered strains lower than the yield strain, indicating that the tensile force in the main 
reinforcement bar has been distributed to the flange plate of the endplate assembly. For 
the B500 specimens, yielding occurred firstly on the tie bar at 71 kNm followed by the 
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bottom bolts at 121 kNm and then the flange plate at 176 kNm. It was noticed that the 
main reinforcement, endplate and web plate were still behaving elastically when the 
premature fracture failure of the weld occurred. 
 
Fig 3.8 Moment vs. strain of connection components parts of (a) A500-1 specimen and 
(b) B500-2 specimen 
3.2.2.4 Cracking propagation 
 Crack propagation was also monitored during the Phase-1 tests. The maximum 
crack width was measured using a crack width microscope. It was noticed that, for the 
A500 specimen, the first flexural crack occurred between the end plates of the two 
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steel sections propagating quickly through the full depth of the beam as the applied load 
increased. At the same time, more flexural cracks occurred along the bottom of the beam. 
The crack at the connection section became excessively wide resulting in a significant 
reduction of the section flexural rigidity at the end of the test. The test was stopped after 
crushing of the concrete was observed between the loading points as shown in Fig 3.9. 
For the B500 specimen, the flexural cracking seemed to be slightly more uniformly 
distributed. However, the specimens failed prematurely due to fracture of welds at the 
junction between the flange plate and the endplate. The final crack configuration of the 
B500 specimen with a close-up view of the weld fracture is shown in Fig 3.10. 
 
Fig 3.9 Crack propagation of A500-1 specimen after the Phase-1 test 
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Fig 3.10 Crack propagation of B500-2 specimen after the Phase-1 test 
The applied moment corresponding to when the maximum crack width of 0.3mm, 
as recommended in SS EN 1992-1-1(2008), was reached were recorded and this was 
selected to indicate when the ―service moment capacity‖ ( serM ) of the connection was 
attained in this study. It was found that the service moment capacities of the specimens 
based on a crack width of 0.3mm were about 58kNm and 72kNm for the A500 and B500 
specimens, respectively. They were much lower than their ultimate moment capacity 
( max
bendM ). The B-series specimens showed slightly better performance in terms of crack 
width control than the A-series specimens mainly due to presence of the continuity 
tie-bar. For both the A-series and B-series specimens, since the DfD M-R connection 
was not designed for crack width control, the design could be optimized by providing 
additional continuity reinforcement in the slab portion above the connection for the 
purpose of crack control. This is expected to increase serM  and this will be verified 
during Phase-2 testing. 
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3.3 Phase-2—four point bending test 
Based on the findings of the Phase-1 tests, such as the occurrence of premature 
failure of the weld at the junction between the endplate and flange and the excessively 
wide crack occurring during early stages of the loading, the Phase-2 test programme 
was designed to enable testing of seven specimens in three stages. The specimens will 
first be tested up to their service moment capacity serM  during Stage-1. Stage-2 
involves deconstruction and subsequent reconstruction. In this stage, the specimens 
will be unloaded after Stage-1 and moved out from the test frame. The specimen will 
be deconstructed and separated into two halves. Subsequently, the DfD connection will 
be repaired and strengthened as necessary, and reconstructed for Stage-3 testing. 
3.3.1 Stage-1—test up to service moment 
serM  of the specimens with a depth of 650mm were obtained experimentally in 
this stage. They are summarized as shown in Table 3.2. In which the results of the 
A500 and B500 specimens are presented as well. A comparison of the results of 
specimens of depth 500mm and specimens of depth 650mm show that serM  of the 
specimen increased by about 24% (A-series) and 19% (B-series) due to the increase in 
specimen depth. Based on the limited number of specimens tested, it is obvious that 
both WP650 specimens registered a lower service moment capacity than the two B500 
specimens. This may not be unexpected as the WP650 specimens have a span 
extension unit incorporated at mid-span. Although the span extension unit was 
designed to have a higher moment capacity than the other segment of the specimen, 
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the incorporation of the span extension unit introduced two potentially critical 
locations at either end of the span extension unit. Thus, if there is minor fabrication 
errors or slight lack of fit then cracking is likely to occur earlier. 
Testing was stopped when the maximum crack width of 0.3mm was exceeded and 
the specimens were unloaded thereafter. Most of the cracks on the specimens closed 
upon unloading the specimens. 
Table 3.2 Service moment capacities obtained at Stage-1 of Phase-2 tests 












3.3.2 Stage-2—deconstruction and reconstruction 
 Deconstruction process 
In order to access the bolted joint embedded within the DfD connection, a small 
portion of the encasing concrete needs to be stripped away. Several demolition 
methods have been reviewed in Section 1.2.9. However, only mechanical hacking 
using jackhammers was mobilized in this study due to time constraints. The hacking 
was executed carefully to ensure minimal damage arising from exposing the bolts. To 
ensure better bonding between the rebar and the concrete during reconstruction, the 
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concrete layer at the slab portion of the specimens was also stripped away as shown in 
Fig 3.11. 
Once the encasing concrete was removed and the bolted joints fully exposed, the 
bolts can be released and the specimen separated into two segments. The typical 
deconstruction process can be generally illustrated as shown in Fig 3.11 to Fig 3.12. 
During execution of the deconstruction process, some difficulties and related issues 
were noticed. Firstly, the demolition work was noisy and time consuming although the 
concrete volume to be removed was rather small. Secondly, the thread of the bolts has a 
high possibility of being damaged during mechanical hacking. As a result, some bolts 
had to be cut to facilitate deconstruction operations. Furthermore, minor damage to the 
stirrups and the steel I-section was also noticed. 
 
Fig 3.11 Four-point-bending test specimen with the DfD connection partially exposed 
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Fig 3.12 Separated segments of specimens after releasing the bolts 
Based on the results observed, several recommendations may be proposed to 
optimize the design of the M-R connection. These include, a) the concrete encasement 
at the bolted connection region can be replaced by a suitable mortar which tends to be 
more brittle and thus easier to remove, b) the bolts can be protected through installation 
of a plastic casing or steel sleeve to avoid damage during hacking operations, and c) it is 
also worthwhile to explore other methods of demolition to access the bolts for 
dismantling without resorting to mechanical hacking, e.g. pre-embedded anchors 
designed to be pulled out along with a failed of concrete cone so that the bolts may be 
more easily accessed or using expansive chemical agents. This will be investigated 
through numerical simulation in Chapter 5. 
 Repairing and reconstruction 
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Before reconstruction, necessary strengthening and rehabilitation works were 
conducted. For example, the weld throat thickness at the junction between the flange of 
the steel section and endplate was increased (Fig 3.13) to ensure that premature weld 
fracture does not occur again. Since some of the original bolts and the tie-bar in the 
B-series and WP-series specimens were damaged during deconstruction operations, 
new bolts and tie-bars were installed to re-assemble the two separate segments during 
reconstruction. 
 
Fig 3.13 Increasing the throat thickness of the weld between the flange of the steel 
section and endplate 
One of the findings of the Phase-1 tests was the excessively wide crack occurring 
at an early stage of loading. Provision of cracking control reinforcement above the 
steel section can help address the issue. Two types of specimens one without additional 
continuity rebar after reconstruction denoted with suffix ―R‖, e.g. A650-R, and one 
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with the additional continuity rebar incorporated after reconstruction denoted with 
suffix ―R-R‖, e.g. A500-R-R. The connection region was cast using mortar to facilitate 
casting during reconstruction. In general, 3T12 bars were added above the steel section 
with a cover of about 25mm (Fig 3.14). The bars extended for 400mm beyond both 
loading points to ensure continuity. The mechanical properties of the concrete and 
mortar as used in reconstruction are summarized in Table 3.3. It is noted the concrete 
and mortar strengths are slightly higher than that of the concrete used in Phase-1 
testing. 
 Table 3.3 Mechanical properties of concrete/mortar used in reconstruction 
Types 









,ctm flf ) 
concrete (slab portion) 57.6 4.8 27.8 
mortar (connection region) 51.9 5.2 24.4 
1 
ASTM E529-04 standard tests were performed to obtain the flexural tensile strength. 
 Three cylinder samples were tested under compression to obtain the compressive strength 
and elastic modulus of the concrete for each cast; 
 Three coupon specimens were tested under tensile to obtain the tensile strength and elastic 
modulus of the steel plate and reinforcement; 
 Tabulate values as per in SS EN 1993-1-8 (2010) were used for the mechanical 
properties of the high strength bolts. 
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Fig 3.14 Process of reconstruction of the specimens 
3.3.3 Stage-3—retest after reconstruction 
3.3.3.1 Performance of specimens after reconstruction 
The reconstructed specimens were re-tested until failure. The ultimate moments 
and curvature values are summarized in Table 3.4. Also shown are the theoretical 
moment capacity ( RdM ) of the specimens as well as the serM obtained from the Phase-2 
tests. 
Comparison of the serM  obtained in the Stage-2 and Stage-3 tests shows that the
serM of the specimen after deconstruction and reconstruction were increased 
consistently e.g. A650 (67%), B650 (7.0%) and WP650 (23%), which may be 
attributed to the higher strength of concrete/mortar used. It seemed reasonable to 
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conclude that the structural performance of the specimens during the early stages of 
loading (before the serM  was reached) was not affected much by the deconstruction 
and reconstruction processes. 
Comparison of the theoretical moment capacity and the experimentally obtained 
values shows that the ultimate moment obtained experimentally were consistently 
higher than the predicted values (varying from 13% to 21% excluding the B500 
specimens). This was also reported in Section 2.3.3.1. This is probably due to the 
constraining effect afforded by the presence of the encasing mortar over the endplate. It 
is likely that this would have a influence on the yielding pattern of the endplate as per 
SS EN 1993-1-8 (2010) for calculating the theoretical moment capacity. 
The CDF values obtained were compared between the A-series and B-series 
specimens. In the case of specimens without the additional continuity rebar (i.e. 
A650-1-R, B650-1-R, and WP650-1-R), it is noted that both the A-series specimens and 
B-series specimens showed good ductile performance as evidenced by the CDF values. 
In general, the CDF values for the A-series specimens was between 20 and 25 which 
indicated ductile behavior while the CDF for the B-series and the WP-series specimens 
were between 10 and 15 which indicated a limited ductile behavior (Watson et al, 1994). 
The results in terms of moment capacities and CDF values of the B-series specimens and 
WP-series specimens were quite similar indicating that the oversized bolt holes and the 
construction gap seemed to have negligible influence on the structural behavior of the 
proposed DfD M-R connection. 
Comparing the results between the A-series and the B-series specimens, it is 
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noted that they possessed similar ultimate moment capacity with/without the additional 
nominal reinforcement. They also show similar ductile performance based on the 
obtained CDF values. However, there may have three main obvious reasons that the 
A-series design is more preferable than the B-series design. Firstly, the section 
stiffness of the A-series design could be much larger than the B-series design due to 
adoption of larger I-section and endplate. Secondly, the full length of slab layer has to 
be demolished to remove the continuous tie-bar in the B-series design and the slab 
layer that needs to be demolished could be much thicker than that in the A-series 
design due to the incorporation of structural topping. This may render the difficulty in 
deconstruction as also found in the Stage-2 of Phase-2 testing. Thirdly, the nominal 
continuous reinforcement can be recommended to be added in above the A-series 
connection with sufficient anchorage to improve the crack control performance which 
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Table 3.4 Ultimate moment capacities and curvatures of all the specimens 
Specimens 





































A500-1 55.0 175.0 222.1 0.26 0.79 21.5 10 21.3 
A500-2 61.0 175.0 N/A N/A N/A N/A N/A N/A 
A500-3 58.0 175.0 N/A N/A N/A N/A N/A N/A 
A500-3-R-R 165 271.0 314.2 0.53 0.86 6.9 10 6.9 
B500-1 75.0 191.0 N/A N/A N/A N/A N/A N/A 
B500-2 70.0 191.0 188.2 0.49 1.01 8.6 15 6.0 
A650-1 76.0 255.0 N/A N/A N/A N/A N/A N/A 
A650-2 68.0 255.0 N/A N/A N/A N/A N/A N/A 
A650-1-R 120 255.0 310.7 0.39 0.82 15 6.7 22.2 
A650-2-R-R 220 384.0 439.9 0.50 0.87 5.7 7.2 7.9 
B650-1 89.0 245.0 N/A N/A N/A N/A N/A N/A 
B650-2 83.0 245.0 N/A N/A N/A N/A N/A N/A 
B650-1-R 92 245.0 301.8 0.30 0.81 13.4 8.6 15.6 
B650-2-R-R 275 344.0 423.4 0.65 0.81 13.5 9.7 13.9 
WP650-1 60 245.0 — — — — — — 
WP650-2 70 245.0 — — — — — — 
WP650-1-R 80 245.0 280.2 0.29 0.87 — — — 
WP650-2-R-R 235 344.0 418.4 0.56 0.81 12.8 9.8 13.1 
 The CDF value of WP650-1-R specimens was not available since the aluminum 
cage was installed at the mid-span rather than at the connection region. 
 The ultimate moment capacity of the A500-2 and B500-1 were not reported as 
they were deemed to be not representative due to premature failure. 
 The ultimate moment and curvature results of the specimens A500-3, A650-1, 
A650-2, B650-1, WP-650-1 and WP650-2 were not available since they were only 
tested till their service moment. 
3.3.3.2 Influence of presence of additional continuity rebars 
Fig 3.15 shows the moment versus mid-span displacement curves of all the 
specimens tested. As can be seen, in the case of specimens with the additional continuity 
rebars (i.e. A500-3-R-R, A650-2-R-R, B650-2-R-R, and WP650-2-R-R), the flexural 
rigidity of the section and ultimate moment capacities were significantly higher 
compared to specimens without the additional continuity rebars. In general, the moment 
capacity of the proposed DfD connection increased by about 40% with the incorporation 
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of the additional continuity rebars. 
Two main influences of the additional continuity rebars on the crack propagation 
behavior were observed. Firstly, the flexural crack along the specimen with the 
additional continuity rebar was much more uniformly distributed. Secondly, the service 
moment capacity based on crack width limit of 0.3mm in the case of specimens with 
additional continuity rebars was increased significantly reaching 50% to 65% of the 
ultimate moment capacity. 
On the other hand, due to the local strengthening effect provided by the additional 
continuity rebars, flexural failure of specimens A500-R-R and A650-R-R occurred at 
the beam cross section where the additional tie bars were anchored rather than at the 
connection section (Fig 3.16). This was accompanied by a sudden drop in the applied 
load as shown in Fig 3.15. 
3.3.3.3 Influence of beam depth 
Comparison of the test results between specimens of different beam depths showed 
that a 150mm increase in the specimen depth resulted in an increase of 40% (A-series) to 
60% (B-series) in the ultimate moment capacity of the proposed DfD M-R connection. 
Minor differences were observed in the crack propagation and failure modes of the 
specimens of different depths. Furthermore, based on the results of the A500 and 
A650-R specimens, it seemed that the specimen depth have minimal influence on the 
ductility performance of the A-series specimens. 
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3.3.3.4 Influence of span extension unit 
Fig 3.17 shows a comparison of the overall M-Δ curves of the B650 and WP650 
specimens. It is noted that the flexural rigidity of the WP-series specimen was much 
lower than the B-series specimen due to the incorporation of additional span extension 
unit. However, the ultimate moment capacities were quite similar which indicated that 
the incorporation of the span extension unit did not affect the ultimate moment 
capacities of the proposed connections. It seemed that the incorporation of the span 
extension unit has less significant influence on the ultimate moment capacity of the 
test specimens compared to the influence on the service moment capacity. Fig 3.18 
shows the final configuration of specimen WP650-R at failure. It is noted that the 
flexural cracks were confined to the two cross sections where the proposed DfD 
connections were located. The mid-span portion where the span extension unit was 
seemed to remain intact without severe cracking. Concrete crushing was observed on 
the top of the specimen at the cross section where the proposed connection was located 
which led to failure of the specimen. It was noted that since the aluminum cage was 
installed at mid-span rather than at the connection region, the CDF values obtained in 
the case of the WP650-R specimen was deemed to be not representative when failure 
was imminent as mentioned in Table 3.4. 
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Fig 3.15 Moment vs. mid-span deflection curves of re-test specimens 
 
 
Fig 3.16 Final failure configuration of A500-3-R-R specimen 
 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
93 
 
Fig 3.17 Comparison of M-Δ curves between B650 specimen and WP650 specimen  
(a) without 3T12 and (b) with 3T12 
 
Fig 3.18 Final configuration of WP650-1-R specimen at failure 
3.4 Phase-3—cantilever pushover test 
The structural performance of the proposed DfD M-R connection when subjected 
to static flexural loading have been investigated in the previous section. The structural 
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behavior of the proposed DfD M-R connection when subjected to reverse cyclic 
flexural load will be presented in the Phase-3 test programme in this section. The 
proposed DfD connection was cast separately from the beam and slab portion of the 
specimen as shown by the dotted line in Fig 3.19. After curing of the encasing mortar 
the cantilever beam was bolted in an upright position to the testing frame. The main 
focus of this testing included the displacement-moment hysteresis curves, energy 
dissipation capacity, stiffness degradation and displacement ductility factor. 
3.4.1 Specimen and test setup 
In Phase-3 testing, there were also five types of specimens with the proposed DfD 
connection prepared: A500, A650, B500, B650 and WP650 specimens, and two each 
were tested. The details of the reinforcement as used in the four-point-bending test 
specimens was maintained and the proposed DfD M-R connections were located at the 
base of each test specimen (Fig 3.19). Therefore, the length of the cantilever specimens 
was determined to be about 1500mm. 
It is worth noting that the specimens were cast in three layers indicated by the 
dotted line as shown in Fig 3.19, viz. the precast beam portion, 150mm thick slab 
portion and the connection region which was cast using mortar to facilitate the casting 
process. A construction gap of 25mm was also provided in the A-series specimens and 
the B-series specimens. For the WP650 specimens, since the span extension unit was 
designed to be much stronger than the proposed DfD connection as discussed 
previously, no span extension unit was tested. In addition, normal sized bolt holes were 
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provided on the endplates with no construction gap. 
Fig 3.20 illustrates the different stages of preparation of the cantilever specimens. 
The connection region was filled with polystyrene in order to create an empty space 
for subsequent grouting. The nut assemblies with plastic tube covering were fixed to the 
endplate in advance by tack welding and encased in the specimens (Fig 3.19, Fig 3.20). 
In this manner, the bolts can be installed and tightened after the specimens were placed 
onto the test frame. The mechanical properties of the concrete and mortar of the 
cantilever specimens are summarized in Table 3.5. 
 
 
Fig 3.19 Detail view of the cantilever specimens 
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Fig 3.20 Preparing of the cantilever specimens 
 
Table 3.5 Typical mechanical properties of the materials 
Types 
Strength of concrete/mortar (MPa) 
Elastic modulus 
(GPa) Compression ( ckf ) Tension
*
 (
,ctm flf ) 
concrete (beam portion) 37.8 2.8 24.2 
concrete (slab portion) 34.9 2.6 25.6 
mortar (connection) 51.5 5.1 33.8 
*
ASTM E529-04 standard tests were performed to obtain the flexural tensile strength 
 Instrumentation 
Fig 3.21 shows the setup and instrumentation for the cantilever pushover test. As 
can be seen, the specimens were mounted onto a rigidly supported I-beam during the test. 
It should be noted that the tie bar in the B-series specimens and WP-series specimens 
was bent and welded to the top of the support I-beam before testing (Fig 3.19). In 
addition, some critical areas of the flange plate and web plate of the support I-beam as 
highlighted in Fig 3.21 were stiffened to avoid excessive deformation. 
The instrumentation consisted of linear variable differential transducers (LVDT) 
and electrical resistance strain gauges. The D1 and D2 readings corresponded to the 
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measurements for gross deflection at the tip of the cantilever specimen; D4 and D6 
corresponded to measurements made of the gross slip of the specimens; D5 measured 
the gross slip of the support I-beam; d1, d2 and d3, d4 were installed at the loading face 
side and distal face side at a distance of 100mm away from the base of the cantilever to 
measure the flexural deformation of the specimen surfaces. The rigid rotation of the 
support I-beam could be derived according to the readings obtained from d5 and d6. 
 
Fig 3.21 Test set-up and instrumentation of the cantilever pushover test [unit: mm] 
 Data processing 
The net tip deflection was obtained by utilizing Eq. 3.1 
( 1 2) / 2 ( 4 6) / 2net D D R D D                  
(Eq. 3.1) 
where R  was the deflection due to rigid body rotation of the support I-beam. R was 
calculated using Eq. 3.2 
( 5 6) /R d d D d  
                       
(Eq. 3.2) 
where D was the distance from the loading tip to the base of the cantilever specimen; 
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and d was the distance between the transducers d5 and d6. The strains on the loading 
surface and distal faces at the vicinity of the base of the specimens can be simplified 
according to Eq. 3.3 and Eq. 3.4. 
 0.5 1 2 /100loading surface d d   
                     
(Eq. 3.3) 
 0.5 3 4 /100distal face d d   
                     
(Eq. 3.4) 
The rotation of the specimen can be obtained according to Eq. 3.5 
    tan 0.5 1 2 0.5 3 4 /d d d d l    
               
(Eq. 3.5) 
 Load application 
The load was applied at the tip of the specimens at a distance of 1250mm from the 
surface of the support I-beam at base of the cantilever specimens. The loading was 
controlled based on displacement level by a predefined loading program as shown in Fig 
3.22. The drift ratio was defined as the ratio of tip displacement to D (1250mm). The test 
started at a drift level of 0.25% and increased up to 4.0% drift level. The test was stopped 
when an excessive reduction in the load applied was observed which was deemed to 
correspond to failure of the specimen.  
 
Fig 3.22 Load history of cycles adopted in cantilever pushover test 
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3.4.2 Results and discussions 
3.4.3.1 Flexural strength 
The flexural strengths,
max
cantiM , of the specimens subjected to reverse cyclic loading 
are summarized in Table 3.6. Theoretical and experimental flexural moment capacity, 
RdM  and max
bendM , respectively obtained experimentally in the four-point-bending test of 
the proposed DfD M-R connections are also provided. 
The flexural strength of the proposed A-series DfD M-R connections obtained in 
the cantilever pushover test were found to approximate those of the four-point-bending 
test. Thus the ultimate flexural strength of the proposed DfD M-R connection seemed 
unaffected by the reverse cyclic loading. The B-series and WP-series specimens failed 
prematurely due to rupture of the tie bar at the weld anchorage end (Fig 3.23) failed at a 
much lower (approximate 30% lower based on B650-1 specimen) flexural strength 
than similar specimens tested under the four-point-bending. The latter could be 
attributed to the high residual stress generated by the bending and welding operations 
during the assembly process, resulting in a much lower flexural strength than that of 
specimens in the four-point-bending tests. In addition, the results of specimens B650 
and WP650 were similar which indicated that the influence of oversized bolt holes and 





Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
100 
Table 3.6 Ultimate moment capacity and displacements of the cantilever specimens 
Specimen 
Ultimate moment capacity (kNm)  
Net tip deflection in 
forward cycles (mm) 
max
bendM  max



















A500-1 222.1 207.3 167.6 0.93 0.75  -2.4 -36.1 15.0 
A500-2 — 190.0 167.6 — 0.88  -2.5 — — 
B500-1 — 180.6# 168.2 — 0.93  -2.8 <-52.9 >18.8 
B500-2 — 182.0# 168.2 — 0.92  -2.7 <-50.1 >18.5 
A650-1 310.7 298.2 242.3 0.96 0.78  -1.8 -35.8 19.8 
A650-2 310.7 301.1 242.3 0.97 0.80  -2.0 -33.2 16.6 
B650-1 301.8 220.0
#
 216.9 0.73 0.72  -2.2 -50.7 23.0 
B650-2 301.8 219.0
#
 216.9 0.73 0.99  -2.1 -48.3 23.0 
WP650-1 280.2 215.0 216.9 0.77 0.77  -2.0 <-50 >25 
WP650-2 280.2 214.5
#
 216.9 0.76 0.77  -1.9 -45.3 23.8 
1. 
* 
B500 specimen failed prematurely due to weld fracture in four-point-bending test;  
2. 
# 
B-series and WP-series specimen failed prematurely in cantilever pushover test due to tie bar 
rupture. 
3. The ultimate moment capacity of the specimen obtained in the four-point-bending tests were 




Fig 3.23 Premature rupture failure of the tie bar in B-series and WP-series specimens 
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3.4.3.2 Deformation and ductility 
In order to compare the ductility of the proposed DfD connection, 
displacement-ductility factor (DDF) defined as the ratio of U85 to yield displacement Uy 
was used. In this study, the yield displacement was reached when the bolt first yielded 
and U85 was the displacement when the applied load dropped to 85% of the peak load 
after the peak load was reached (Korkmaz and Tankut, 2005). The strain in the bolt 
nearest to the loading surface of the specimen was derived from gauges d1 to d4 based 
on the assumption of plane sections remaining plane after bending (Park and Paulay, 
1975). 
The DDF values obtained are summarized in Table 3.6. It is noted that all the 
specimens showed high DDF values, much larger than the minimum recommended 
value of 4.0 for beam-column connections in seismic regions according to TEC-98 code 
(1998), i.e. the proposed DfD M-R connection showed good ductile performance. This 
is expected as the endplate connection may be considered to be semi-rigid, deemed to 
have high deformability (Astaneh-Asl, 1995; Abolmaali et al., 2009). 
The hysteretic curves and their skeleton curves in terms of moment versus net tip 
displacement of all the specimens are shown in Fig 3.24. It was found that the specimens 
with the proposed DfD M-R connection can sustain reverse cyclic loading with about a 
2.5% drift ratio, before the flexural capacity of the specimens dropped gradually as 
displacement increased due to concrete crushing. For the A500 and A650 specimens, the 
descending branch of the skeleton curve was observed to be slightly steeper than that in 
the backward cycle and the descending branches of the skeleton curves of the B-series 
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and WP-series specimens. It could be attributed to the local strengthening effect of the 
flange stiffeners present on the support I-beam at the base of the cantilever specimens 
in the original test set-up (Fig 3.21). In addition, obvious pinching effect was observed 
in the hysteretic curves of all the specimens as displacement increased with higher 
number of cycles of loading. 
3.4.3.3 Energy dissipation capacity 
The energy dissipation capacity of a connection is a function of the area under the 
load-deflection curve as shown in Fig 3.25. It has been used to indicate how effectively 
a connection withstands seismic loadings. Fig 3.26 shows the cumulative dissipated 
energy against the number of cycles applied in the forward direction. As can be seen, the 
energy dissipation characteristics of the A-series specimens and B-series specimens 
were quite similar. The B-series specimens showed marginally higher energy dissipation 
than the A-series specimens till the premature failure of tie bar occurred. The energy 
dissipation curves of the B650 specimens and WP650 specimens were quite similar 
indicating that the influence of the oversized bolt holes and the presence of a 
construction gap on the energy dissipation characteristics of the proposed DfD M-R 
connection was minimal. 
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Fig 3.24 Hysteresis loops and skeletons for all the cantilever specimens 
 
Fig 3.25 Energy dissipation definition (French et al., 1998) 
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Fig 3.26 Cumulative energy dissipation curves for all of the cantilever specimens  
(a) A500-1, B500-2 and (b) A650-1, B650-1, WP650-2 
3.4.3.4 Crack propagation and internal stress distribution 
Fig 3.27 shows the crack propagation of the A500 specimen at selected drift ratio 
levels. Similar behavior has been observed in the other types of specimens. In general, 
flexural cracking was observed in the vicinity of the end of the I-section embedded in 
the cantilever beam section at about 0.5% drift ratio level. When the drift ratio was 
increased up to 1.0%, tension cracking was observed at the proposed DfD connection 
section extending through the full depth of the embedded I-section. Simultaneously, the 
flexural cracks were also observed along the interface between the precast concrete 
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beam portion and the cast-in-situ mortar at the connection of the specimen. In the 
subsequent cycles, cracking along the connection became excessively wide and began to 
dominate the plastic deformation with wide flexural cracks observed. Concrete crushing 
at the corners of the specimen was visible at a drift ratio of about 3.0% indicating 
deterioration of the concrete in compression. 
Two main findings can be obtained from the crack propagation observation. Firstly, 
cracking was most likely to occur along the connection section and it could be rather 
wide at low drift ratio levels due to the absence of continuity reinforcement. It is worth 
noting that excessive crack width is not desirable in design. It was noted that cracking 
occurs at the interface between the beam portion and the mortar encasing the DfD 
connection. This may indicate that the bond at this interface is weak and perhaps 
improving bond at the interface through roughening, ensuring that the interface is in a 
saturated surface dry condition before casting of cementitious materials may delay 
cracking at this interface, etc. 
Electrical resistance strains were installed at various positions to monitor the 
strains of the different component parts of the connection such as flange plate, web plate, 
endplate and main reinforcement. Fig 3.28 shows the strain vs. time history at the 
representative positions on the proposed connection obtained experimentally. The 
longitudinal strains of the main reinforcement, web plate, and flange plate were plotted 
while the maximum principle strain was plotted for the endplate. In addition, the 
corresponding yield strains of the rebar and steel plates are also shown in Fig 3.28. It 
was noticed that the web plate yielded first at a drift ratio of 1.0% in the forward cycle 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
106 
followed by the endplate and the flange plate at a drift ratio of 2.0%. The results seemed 
to indicate that severe yielding of the steel component parts was reached at a drift ratio 
of about 2.0%. It should be noted that excessive yielding and deformation of the 
embedded steel section of the proposed DfD M-R connection may result in difficulties 
in the re-assembly operation during reconstruction. On the other hand, the main 
reinforcement seemed to have minimal influence on the failure of the connection since it 
was still in the elastic regime even when the specimen reached failure. 
 
Fig 3.27 Crack propagation pattern of A500 specimen at a drift ratio of  
(a) 0.5% (b) 1.0% (c) 2.0% and (d) 3.0% 
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Fig 3.28 Strain history of steel component parts of the A500-1 specimen (a) flange 
plate and reinforcement and (b) web plate and endplate 
3.4.3.5 Stiffness analysis 
Fig 3.29 shows the secant stiffness degradation history of all the specimens which 
were evaluated by curves connecting the tip points for positive and negative loading. As 
can be seen, the initial secant stiffness of the specimens reduced rapidly after the first 
two cycles. Apart from some minor differences, the general characteristics of the secant 
stiffness degradation appeared to be quite similar for all specimens tested. Nevertheless, 
it was noticed that the initial secant stiffness of the A-series specimens was consistently 
higher than that of the B-series specimens due to the deeper embedded I-section used. 
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Fig 3.29 Secant stiffness degradation history of all of the cantilever specimens 
3.5 Concluding remarks 
A three-phase full-scale experimental programme has been carried out to 
investigate the structural performance of the proposed DfD M-R connection as 
reported in this Chapter. The structural performance of the proposed DfD connection 
was investigated through the Phase-1 test which included four specimens tested 
subjected to four-point bending load. The feasibility of the deconstruction and 
reconstruction was verified in Phase-2 testing. In which, repairing and strengthening 
work as necessary were conducted prior to reconstruction. In Phase-2 testing, the 
structural performance of the proposed DfD M-R connection after reconstruction was 
investigated. Based on the findings of the Phase-1 and Phase-2 testing, some 
conclusions and recommendations can be drawn as follows: 
1. The proposed DfD M-R connection was shown to be capable of providing 
significant moment resistance for use in RC apartment blocks in Singapore. 
The proposed connection also showed good ductility when subjected to static 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
109 
flexural loading based on the obtained CDF values. 
2. Certain design adjustments were made to ensure that the serviceability limit 
state of cracking can be satisfied through the provision of additional continuity 
rebars (3T12). In general, the moment capacities ( serM ) corresponding to 
when a maximum crack width of 0.3mm was reached during testing was about 
50% to 65% of the ultimate moment capacities ( max
bendM ). 
3. Increasing the depth of the specimen from 500mm to 650mm has resulted in 
an increase of moment capacity of about 40% for A-series specimens and 60% 
for the B-series specimens based on the available testing results. 
4. Based on the test results, it seemed that the A-series and B-series design 
perform similarly in terms of flexural strength and ductile performance in this 
current design. However, the A-series design could be more preferable due to 
several obvious reasons. Firstly, the section stiffness and the ultimate moment 
capacity of the A-series design could be much higher than the B-series design 
due to the incorporation of deeper I-section and endplate. Secondly, the 
demolition work required in the A-series design could be much less than the 
B-series design due to thinner cast-in-situ slab layer and no structural topping. 
Thirdly, the provision of the nominal rebar above the A-series connection 
makes the design more flexible as well as improves the crack control 
performance of the A-series design.  
5. The three-stage test verified that it was feasible to deconstruct and reconstruct 
the proposed DfD M-R connection in practice. However, some difficulties 
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and related issues during the deconstruction process were highlighted and 
some recommendations were proposed. It is worth noting that mechanical 
demolition work during deconstruction usually resulted in much noise and 
debris. A more environmental friendly approach to access the bolt connection 
deserved to be explored in the future. 
The structural performance of the proposed DfD M-R connection when subjected 
to reverse cyclic loading which may arise from the transportation, lifting and 
deconstruction was investigated through the Phase-3 testing. Several structural 
characteristics of the proposed DfD connection such as the displacement ductility 
factor, flexural strength, energy dissipation capacity and cracking propagation were the 
main focus. Based on the results of the cantilever pushover tests, the following 
conclusions and recommendations can be drawn: 
1. The proposed DfD M-R connection was shown to be capable of providing 
significantly high flexural strength when subjected to reverse cyclic loading. 
The flexural strength capacity under such cyclic loading was found to be 
similar to that obtained during four-point-bending test. 
2. In terms of ductility, the proposed DfD M-R connection showed good ductile 
performance based on the DDF values obtained. In general, the specimen 
incorporating the proposed DfD M-R connections can sustain reverse cyclic 
loading at a drift ratio beyond 2.5%. 
3. There was a minimal difference between the A-series specimens and B-series 
specimens in terms of flexural strength, ductility, and energy dissipation 
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capacity, however, the A-series specimens showed much higher initial secant 
stiffness than the B-series specimens due to the deeper embedded I-section 
used. 
4. Cracks were likely to occur at the bolted section of the proposed DfD 
connection and it could be rather wide at small drift ratio levels due to the 
absence of continuity reinforcement which may affect the durability 
performance of the proposed connection. Further optimization such as 
providing additional continuity reinforcement could be suggested to address 
this issue. 
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CHAPTER 4 
FINITE ELEMENT ANALYSIS FOR OF THE PROPOSED 
DFD M-R CONNECTIONS 
4.1 Introduction 
Finite Element Analysis (FEA) has been developed over the past several decades 
and shown to be robust in the analysis of RC structures. The use of FEA significantly 
reduces the time and cost of new product design in the building industry compared to 
conducting a series of experimental investigation. In this research, an FEA approach 
using ABAQUS/standard was explored to carry out further study of the proposed DfD 
M-R connection. The reasons for adoption of FEA are as follows: 
1. The experimentally obtained data through experimental tests may not be 
sufficiently comprehensive. As discussed in Chapter 3, the strain histories at 
various locations within the steel component parts were recorded and the 
deflections at several specified locations along the span of test specimens 
were monitored using LVDTs. The limited experimental data obtained may 
not be sufficiently comprehensive for a thorough understanding of the stress 
distribution within the steel component parts when subjected to design 
loading. In addition, it is not unusual for some of the pre-installed strain 
gauges to malfunction due to damage caused during casting and handling. 
2. Full-scale experimental tests are usually time-consuming and expensive, thus 
it is usually not cost-effective to conduct a comprehensive parametric study 
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based solely on full-scale experimental tests. 
3. In contrast to the above mentioned disadvantages and limitations of 
experimental investigations, finite element analysis has been proved to be an 
effective alternative tool for conducting a thorough study of a new design in a 
much shorter time and at lower costs. Displacement and stress output are 
available on each node and element of the numerical model, useful for 
providing an in-depth understanding of the structural behavior of the 
proposed DfD M-R connection when subjected to design loads such as static 
flexural loading and reversed cyclic loading. In addition, a comprehensive 
parametric study of the proposed DfD connection can be carried out within a 
much shorter time frame based on appropriate numerical modeling. It is 
noted that the FEA results should be validated against actual experimental 
test results to validate the efficacy of the numerical model. 
4.2 Finite element modeling 
4.2.1 Overview 
Finite element analysis of the bolted endplate connection has been carried out 
using various modeling approaches in recent years. In the days when the high 
performance computers are not readily available, most finite element analyses 
employed two-dimensional models (Krishnamurthy et al., 1979; Patel and Chen, 1984). 
With the advances in computation techniques in recent years, there has been a steady 
increase in 3D finite element analyses of steel connections or partially composite 
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bolted endplate connections (Thambiratnam and Krishnamurthy, 1989; Sherbourne and 
Bahaari, 1994; Bursi and Jaspart, 1997; Fu et al., 2007). Most make use of 3D solid 
elements to simulate the steel component parts such as bolts, steel I-sections, welds 
and flushed endplates which may result in difficulties in modeling and meshing. It was 
also noticed that some inaccuracies reside on the need for an accurate definition of the 
interaction behavior between the steel element and concrete elements. In this study, a 
simplified finite element modeling approach using a mix of structural elements was 
used, using ABAQUS/standard software package. The modeling simplification 
techniques have been described in Section 2.4.2. Further highlighting is provided in 
the following sections of this Chapter.  
4.2.2 Material constitutive models 
4.2.2.1 Steel components 
As described in Section 2.4.2.1, the classic elasto-plastic constitutive model has 
been adopted to describe the behavior of steel components involved such as 
reinforcement, high strength bolts and steel plates. Tensile coupons tests were 
conducted on representative samples of the reinforcement and steel plates with 
different thicknesses (i.e. flange plate, web plate and endplate) to obtain the complete 
stress-strain curves. Since the experimentally obtained yield strengths (
yf ) and 
ultimate tensile strengths (
uf ) of the steel plates with different thicknesses of steel 
plates was found to be similar, an average stress-strain relationship was used for 
modeling the steel plates (Table 2.2). The typical mechanical properties of the G8.8 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
115 
bolts such as the elastic modulus, yield strength and ultimate strength were used as per 
SS EN 1993-1-8 (2010) and the maximum strain of the bolts at ultimate in tension was 
assumed to be 0.1 (Hanus et al., 2011). A linear descending portion with ultimate 
fracture percent elongation of 0.12 (BSI, 1999) was adopted to describe the material 
behavior beyond necking. 
Material nonlinearity of the elastoplastic model in ABAQUS requires the 
information of true stress (
true ) versus the logarithmetric plastic strain ( true ) 
relationship. It can be derived based on the experimentally obtained stress-strain 
relationship which are engineering stress and engineering strain according to Eq. 4.1 
and Eq. 4.2. The derived stress-plastic strain relationship of the different steel 
component parts used in FEM is shown in Fig 4.1. 






                        (Eq. 4.2) 
Where 
eng  is engineering stress; 
eng  is engineering strain (Hibbit et al., 2004). 
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Fig 4.1 True stress versus logarithmetric plastic strain curves of the steel components 
as adopted in FEM models 
4.2.2.2 Concrete and mortar 
As described in Section 2.4.2.1, the CDP model embedded in ABAQUS has been 
used to describe the concrete/mortar behavior. It is worth noting that the 
experimentally obtained value of the concrete fracture energy 
fG  is essential in 
defining the tension stiffening behavior of concrete/mortar. However, the 
experimentally obtained values of concrete fracture energy exhibit wide scatter and are 
affected by several factors such as the w/c ratio, the maximum aggregate size and the 
age of loading, etc(Wittmann et al, 1987). Curing condition and the size of the 
structural member also have a significant influence on the values as well 
(Mechtcherine and Müller, 1997). Several approximated expressions have been 
proposed (CEB-FIP MC 90, 1993; Remmel, 1994). Two of them are reproduced here 
as shown in Eq. 4.3 and Eq. 4.4. Both of them have been recognized to provide a good 
match to relevant experimental results. 





















                      (Eq. 4.4) 
In Eq. 4.3, Gf0 is the base value of fracture energy which depends on the maximum 
aggregate size used and it may be obtained from Table 2.1.3 in CEB FIP code (1993). 
The typical mechanical properties (i.e. cylinder strength, tensile strength and 
fracture energy according to Eq. 4.3 and Eq. 4.4) of concrete/mortar as used in the 
four-point-bending test specimens modeled are summarized in Table 4.1. 
 













Eq. 4.3 Eq. 4.4 
A-series (precast layer) 54.4 2.55  0.150 0.155 
B,WP-series (precast layer) 30.6 1.86  0.100 0.134 
A-500 (slab layer) 40.8 2.52  0.122 0.146 











Mortar (connection region) 52.2 3.82  0.145 0.153 
*
Labels ―precast layer‖, ―slab layer‖ and ―connection region‖ are illustrated in Fig 4.2. 
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Fig 4.2 Illustration of cast layers (a) for A500, B500 specimens and (b) for A500-R-R, 
A650-R-R, B650-R-R and WP650-R-R 
4.2.3 Boundary conditions 
In the four-point-bending test-setup, local steel supports have been used to 
transfer the load from the spreader beam to specimen and from the specimen to the 
supporting blocks. In the FEM, the supporting blocks are analytically modeled as rigid 
supports contact with the bottom of the specimen. ―Friction contact‖ option with a 
friction coefficient of 0.4 (Elliot, 2002) was invoked in the longitudinal direction 
between the steel support and the specimen interfaces. The simply support boundary 
conditions were applied on the relevant control points of the analytical rigid supports 
as shown in Fig 4.3. 
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Fig 4.3 Finite element model of the four-point-bending tests 
4.2.4 Solution convergence 
Divergence was frequently encountered in the finite element analysis especially 
of RC structures. It may due to the tension stiffening and compression deterioration of 
concretes and mortars. In this section, several analysis strategies were discussed in 
order to improve the analysis convergence rate. 
4.2.4.1 Newton-Raphson method 
Newton-Raphson method is usually used in ABAQUS to solve the nonlinear 
equilibrium equations. The solution algorithms use an initial increment setting and 
automatic step increment evolution approach. In most cases, the Newton-Raphson 
method can lead to a convergence solution successfully after several interactions. 
However, the load-control analysis based on N-R method is unable to capture the 
behavior of the structure in the descending branches and numerical difficulties are 
usually present due to the concrete strength deterioration. Displacement-control 
analysis has been developed in ABAQUS to capture the descending portion of the load 
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vs. displacement plots. Thus it was adopted in this study. However, numerical 
divergence was still frequently encountered, especially when the concrete was 
damaged excessively. 
4.2.4.2 Riks method 
Arc-length technique combined with the line search method (Riks method) is 
available in ABAQUS/standard for static analysis. Using the arc length method, it is 
possible to locate the descending part of the post-peak behavior and the snap-through 
phenomenon (Fig 4.4) of the structure based on the load-control analysis algorithm 
(Hibbit et al., 2004). Automatic step increment evolution can be also integrated with 
the Riks method. However, it was found that the analysis result was unstable and 
sensitive to the initial increment value setting in the solver control definition. 
 
Fig 4.4 Descending part and snap through phenomenon 
(Hibbit et al., 2004) 
4.2.4.3 Solutions to improve the analysis convergence 
Several methods have been adopted by researchers in order to improve the 
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convergence rate of FEA of RC structures and composite structures using ABAQUS. 
Karl and Wu (2006) proposed to use a strategy using the Newton’s method with 
combination of arc-length algorithm for the analysis of a composite bridge girder. The 
strategy was also adopted by Kulkarni et al. (2008) for analysis of a precast 
hybrid-steel concrete connection. However, numerical divergence was also 
encountered in their study at the failure of the specimens. Begum et al. (2010) 
proposed to use explicit dynamic analysis to improve the convergence rate for a static 
problem, i.e. a partially encased composite column subjected to static flexural loading. 
It was assumed that the result was reliable as long as the structure’s kinematic energy 
obtained during the analysis was bounded and small. Some other researchers proposed 
to modify the default convergence criteria in ABAQUS to yield convergence solution 
with some compromise of accuracy (Jiang, 2005; Li, 2008). The adoption of the 
explicit dynamic analysis and modifying the default convergence criterion may be 
more specialized for individual applications rather than being accepted as a general 
method. It was found in this study that specifying a slightly smoother descending 
branch of the concrete tensile stiffening behavior curve can help in improving the 
convergence rate during analysis as shown in Fig 4.5. Therefore, it was adopted in the 
following analysis when numerical divergence was encountered. However, 
smoothening the tension stiffening curve may result in a slightly difference in the 
concrete fracture energy. The sensitivity of the fracture energy will be verified in the 
following model calibrations. 
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Fig 4.5 Illustration of modifying the stress-crack opening curve 
4.3 Calibration of proposed FEM 
The above proposed modeling approaches were calibrated by comparison against 
the experimental results to investigate the sensitivity of the modeling parameters such as 
mesh schemes, element types and concrete fracture energy. The model calibration was 
performed by comparing the moment vs. mid-span deflection (M-Δ) curves. 
4.3.1 General comparison 
The FEM as described in this section used the general mesh scheme of size 
30mm×30mm and the brick element with reduced integration (C3D8R). The concrete 
fracture energy was derived according to Eq. 4.3. Fig 4.6 shows a comparison of the 
M-Δ curves between the FEA results and the experimental results. In general, the 
numerical results show good agreement with the experimental data. The ultimate 
moment capacity of the proposed DfD M-R connection has been well predicted. 
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Fig 4.6 Comparison of M-Δ curves between the FEA result and experimental results 
(A500) 
4.3.2 Influence of concrete element types 
Linear solid elements (8 nodes brick elements) and nonlinear solid elements (20 
nodes brick elements) are available in ABAQUS software. It is found that the 
computational cost of FEA was significantly increased when nonlinear solid elements 
were used whereas the overall behavior predicted using the FEA results was not 
affected significantly. Therefore the sensitivity analysis of the concrete element type 
was focused mainly on the linear solid elements. Three types of linear solid elements are 
available in ABAQUS. They are 8 nodes brick element with full integration (C3D8), 8 
nodes brick element with reduced integration and 8 nodes brick element with compatible 
mode (Hibbit et al., 2004). It is noted that a general mesh scheme of size 30mm×30mm 
has been used in this calibration. The FEA results using different concrete element 
types in terms of M-Δ curves were compared as shown in Fig 4.7. It seemed that the 
FEA results were not especially sensitive to the adopted concrete element types. The 
models using the C3D8 and the C3D8I seemed to yield a slightly stiffer structural 
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response with the increase in applied flexural load compared to the experimental results. 
The analysis using the C3D8I stopped earlier due to element distortion when the 
displacement reached about 20mm. It is worth noting that modeling using the C3D8R 
registered much less computational cost with sufficiently accurate results. It is likely 
that it is more cost-effective. 
 
Fig 4.7 Influence of concrete element types on the numerical results 
4.3.3 Influence of mesh schemes 
Finite element analysis is usually sensitive to mesh schemes (element size and 
directions). In this section, case studies of finite element analyses adopting various mesh 
element sizes of 10mm, 20mm, 30mm, 40mm and 50mm were conducted. 
Fig 4.8 shows the results in terms of M-Δ curves. It is found that the FEA results 
were not especially sensitive to the mesh element sizes used. This may due to the fact 
that the concrete fracture energy concept has been used in defining the concrete tensile 
behavior in the CDP model. However, adopting an over-coarse element size, e.g. larger 
than 40mm, yielded an obviously stiffer structural response when compared to the 
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experimental results. This may due to the hour-glassing issue when the reduced 
integration element was used. Since the FEA results was not much affected by the 
adoption of a finer mesh, a general mesh scheme of size 30mm×30mm is deemed to be 
more computationally cost-effective. 
 
Fig 4.8 Influence of general mesh schemes on the M-Δ curves of analysis results 
4.3.4 Influence of tensile fracture energy 
Since the concrete tensile fracture energy obtained through tests shows scatter, it 
is worth investigating the influence of the value of concrete tensile fracture energy on 
the analytical structural response results. In this section, the numerical results of the 
standard finite element model adopting the 
fG  values derived according to Eq. 4.3 
and Eq. 4.4 were selected for case study. Since the difference between the 
fG  values 
obtained according to Eq. 4.3 and Eq. 4.4 was small, another case adopting a 
fG  
value of 2.0 times and half that obtained according to Eq. 4.3 were also analyzed. The 
analyses results were compared in terms of M-Δ curves as shown in Fig 4.9. It is 
noticed that increasing the 
fG  value seemed to yield a slightly stiffer structural 
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response numerically, particularly at the early stages of loading. On the other hand, 
reduce the 
fG value seemed to yield a slightly softer structural response at the early 
stage of loading. However, the ultimate moment capacity obtained numerically seemed 
to be little affected by the 
fG  values. 
 
Fig 4.9 Influence of fracture energy on M-Δ curves of analysis results 
4.4 Further validation of FEM 
In this section, the proposed FEM approach was further validated by comparison 
of the FEA results against the experimental test data. The comparison was carried out 
for all the specimens tested. 
4.4.1 A-series specimens 
 A500-R-R specimen 
The numerical results of the A500-R-R specimen are compared with the 
experimental ones in terms of moment vs. mid-span deflection curve as shown in Fig 
4.10. It is noted that the numerical results matched well with the experimental for most 
of the loading history. A small deviation with the numerical values lower than the 
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experimental curve was noticed when the applied moment reached about 250kNm. 
Beyond this value the deflection of the specimen increased quickly with an increase in 
moment. The moment capacity predicted numerically was found to be slightly lower 
than the experimental one. A sudden drop in load after the ultimate load was reached 
was noted. Failure was observed at the cross section where the additional 3T12 bar 
was anchored in the experimental test specimen.  
 
Fig 4.10 Comparison of numerical results with experimental results of the A500-R-R 
specimen 
 A650-R specimen 
Fig 4.11 shows a comparison between the numerical and experimental results of 
specimen A650-R. It is noted the numerical results matched well with the experimental 
results when the applied moment was lower than about 250kNm. Beyond this value, 
the numerical predictions showed a slightly stiffer structural response. However, the 
trend of the M-Δ curve predicted numerically showed good agreement with the 
experimental results. In addition, the numerical results yielded a maximum moment 
capacity similar to that obtained experimentally. 
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Fig 4.11 Comparison of numerical results with experimental results of the A650-R 
specimen 
 A650-R-R specimen 
Fig 4.12 shows a comparison between the numerical and experimental results of 
specimen A650-R-R. The numerical results showed good agreement with the 
experimental results up till when the specimen reached its maximum moment capacity. 
However, the FEA failed to predict the post-failure behavior due to numerical 
divergence. 
 
Fig 4.12 Comparison of numerical results with experimental results of the A650-R-R 
specimen 
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4.4.2 B-series specimens 
 B500 specimen 
Fig 4.13 shows a comparison between the numerical and experimental results of 
specimen B500. In general, the numerical results showed good agreement with the 
experimental results. It is noted that specimen B500 failed prematurely due to the 
fracture of the weld between the flange and end plate during testing as discussed in 
Section 3.2.4.1. This was not the case in the numerical predictions. However, the FEA 
results showed that the specimen has potential for a higher maximum moment capacity. 
In addition, the specimen was verified analytically to possess good ductile 
performance if weld failure did not occur. 
 
Fig 4.13 Comparison of numerical results with experimental results of the B500 
specimen 
 B650-R specimen 
Fig 4.14 shows a comparison between the numerical and experimental results of 
specimen B650-R. It is noted that the numerical results matched well the experimental 
results up to when the specimen reached its ultimate moment capacity. However, the 
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numerical analysis failed to predict the post-failure behavior due to numerical 
divergence.  
 
Fig 4.14 Comparison of numerical results with experimental results of the B650-R 
specimen 
 B650-R-R specimen 
Fig 4.15 shows a comparison between the numerical and experimental results of 
specimen B650-R-R. It is noted that the numerical results showed a slightly stiffer 
structural response at the early stages of loading when compared to the experimental 
results. However, the trend of the M-Δ curves and the ultimate moment capacity of the 
specimens were well predicted. 
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Fig 4.15 Comparison of numerical results with experimental results of the B650-R-R 
specimen 
4.4.3 WP-series specimen 
Fig 4.16 and Fig 4.17 shows comparisons between the numerical and 
experimental results of specimen WP650-R and WP650-R-R respectively. In general, 
the trend of the M-Δ curves and the ultimate moment capacity of the specimens were 
well predicted. Numerical divergence was not encountered in the analysis. 
 
Fig 4.16 Comparison of numerical results with experimental results of the WP650-R 
specimen 
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Fig 4.17 Comparison of numerical results with experimental results of the WP650-R-R 
specimen 
4.4.4 Summary of further validation of FEM 
Based on the above comparison, it is noted that although some minor discrepancy 
was noticed between the experimental results and the numerical results, the general 
trend of the M-Δ curves of test specimens have been well predicted. The discrepancy 
usually happens when the deformation is large. Some reasons may be referred to 
explain on it. Firstly, the adopted assumptions in the FEM may not be accurate 
throughout the analysis. For example, the assumptions that the perfect bonding 
between the concrete and steel material may be violated when the cracking is 
excessively wide during the test; the ideal rigid support with frictional contact 
interaction between the support and the soffit of the test specimens may only be 
approximate. Secondly, the adopted CDP model did not allow into the section stiffness 
degradation due to cracking since a smeared cracking algorithm has been adopted. 
Thirdly, the adopted concrete property may be slightly different from that of the test 
specimens due to size effect and different curing conditions. These reasons may have 
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resulted in the discrepancy between the numerical results and experimental results 
especially when the specimens were approaching failure. On the other hand, when 
compare the results in terms of ultimate moment capacity the prediction seemed to be 
well acceptable.  
The ultimate moment capacities of specimens predicted using FEA are compared 
with the corresponding experimental results and summarized in Table 4.2. It is noted 
that excluding specimen B500 which failed prematurely during testing, the mean ratio 
of the experimental results to the finite element results has a value of about 1.02 and a 
coefficient of variation of about 0.04. In addition, the trend of the M-Δ response of the 
proposed DfD connections has been well predicted as discussed previously. In 
summary, the proposed finite element modeling and analysis approach adopted has 
been validated to be capable of predicting the general structural response of the 
proposed DfD connection with adequate accuracy. 
 
Table 4.2 Experimental and FE ultimate moment capacities 
Test 
specimens 









A500 300×500 with CG
*
, no 3T12 222.1 219.9 1.01 
B500 300×500 with CG, no 3T12 188.2 201.6 0.93 
A650-R 300×650 with CG, no 3T12 310.7 311.2 1.00 
B650-R 300×650 with CG, no 3T12 301.8 310.7 0.97 
WP650-R 300×650 no CG, no 3T12 280.2 281.8 0.99 
A500-R-R 300×500 with CG, 3T12 314.2 296.1 1.06 
A650-R-R 300×650 with CG, 3T12 439.9 414.1 1.06 
B650-R-R 300×650 with CG, 3T12 423.4 432.9 0.98 
WP650-R-R 300×650 no CG, with 3T12 418.4 393.3 1.06 
*
CG: construction gap. 
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4.5 Numerical investigation of internal stress distribution 
As mentioned previously, the output of the stressed state and deformation are 
available for each node and elements in the numerical model. This may provide a 
better understanding of the structural response of the proposed DfD connection when 
subjected to the design load. In this section, the stress distribution within the steel 
component parts of the proposed DfD connection will be investigated 
4.5.1 Stress distribution of the A-series specimens 
Similar to the findings in the preliminary numerical analysis as discussed in 
Section 2.4.3.2, for the A500 specimen, it is noted that as the applied flexural loading 
increased, yielding first occurred at the junction between the flange and endplate. This 
was followed by the yielding of endplate near the bottom tension bolts, to be followed 
later by yielding of the bolts. Yielding of the web plate was next to be followed later by 
the main reinforcement. 
The Von-Mises stress contours of the main steel component parts of the A500 
specimen (i.e. embedded-I section, endplate and tensile main rebar) was plotted when 
the specimen reached its maximum moment capacity as shown in Fig 4.18. It is noted 
that the stress distribution contours of the steel component parts has been plotted 
assuming the yield stress of the steel plates as 296MPa and that of the reinforcement as 
491MPa. It is found that extensive yielding of the endplate within the two rows of 
tensile bolts and at the vicinity of the junction between the flange and endplate was 
noted. Yielding of the web plate and the main reinforcement was also observed as the 
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load increased. Fig 4.19 compares the yielding line pattern as represented by the black 
board line on the proposed DfD connection with the typical yielding line patterns on 
the bare steel bolted endplate connection. It is noted that the yielding area on the 
embedded DfD connection is relatively wider than the typical yielding area. The 
yielding also extends to the top corner of the endplate and web of the DfD connection. 
In general, the yielding line pattern is similar to side yielding pattern nevertheless 
relatively more complicated. For the other types of A-series specimens (A500-R-R, 
A650-R and A650-R-R) similar stress distribution patterns were observed. 
 
Fig 4.18 Von-Mises stress contours of the main steel component parts of the proposed 
A500 DfD connection at maximum moment 
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Fig 4.19 Comparison of the yielding line pattern 
4.4.2 Stress distribution of the B-series specimen 
Fig 4.20 shows the Von-Mises stress contours of the main steel component parts 
of the B500 DfD connection captured when the maximum moment was reached. It is 
found that yielding of the steel plate was confined to an area in the vicinity of the 
junction between the flange and the endplate. It is worth noting the main reinforcement 
still behaved elastically even after the maximum moment was reached. 
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Fig 4.20 Von-Mises stress contours of the main steel component parts of the proposed 
B500 connection at maximum moment 
Fig 4.21 shows the Von-Mises stress contours of the B650-R and B650-R-R 
specimens captured when their maximum moments were reached. The yielding 
patterns within the endplate of both the B650-R and B650-R-R specimens were 
observed to be quite similar to the A-series specimens. Yielding of the deformed rebars 
(2T10 tie bar and 3T12 reinforcement) was noted at failure as well. However, the main 
reinforcement bar welded to the flange still behaved elastically at failure. 
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Fig 4.21 Von-Mises stress contours of the main steel component parts of the proposed 
B650-sereis connection at maximum moment (a) B650-R and (b) B650-R-R 
4.4. 3 Stress distribution of the WP-650 specimen 
Fig 4.22 shows the Von-Mises stress contours of the WP650-R and WP650-R-R 
specimens captured when their maximum moments were reached. The yielding pattern 
within the DfD connection was found to be quite similar to that of the B650-series 
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specimens. It is noted that the yielding line pattern on the endplate of the WP-650 
series specimen is quite similar to the B-650 series specimens. It seemed the yielding 
on WP-650 series specimen is slightly less severe probably due to the DfD connection 
is not located at the exact mid-span of the specimen where is the most critical region. It 
is also worth noting that yielding did not occur on within the span extension units even 
at failure as the span extension units were designed to be much stronger than the 
proposed DfD connection as discussed previously. This was also observed in the 
testing. 
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Fig 4.22 Von-Mises stress contours of the main steel component parts of the proposed 
WP650-sereis connection at maximum moment (a) WP650-R and (b) WP650-R-R 
4.4.4 Cracking propagation comparison 
Cracking propagation pattern can be plotted as represented by the tensile damage 
variable contour in the post-processing of finite element analysis. However, it is still 
difficult to quantitatively predict the crack width in ABAQUS. On the other hand, the 
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crack width observed during the test may is sensitive loading condition, material 
property, curing condition, etc. The value recorded may also be affected due to 
observation error. Thus, it may not be helpful to compare the cracking quantitatively to 
validate the prediction of cracking propagation using FEA. A general comparison on 
the cracking propagation between the numerical simulation and the experimental 
investigation of A500-1 specimen is carried out as shown in Fig 4.23. The tensile 
damage variable contour has been captured when the ultimate moment was reached 
compared to the cracking pattern observed on the test specimen when approaching 
ultimate moment. It is noted the cracking propagation as represented by the damage 
element with damage value higher than 0.95 (tensile stress fully release due to 
excessive wide cracking) is quite similar to the observed cracking pattern. Excessive 
tensile damage confined at the DfD section leading to the excessive bending 
deformation and subsequent concrete crushing on top of the mid-span of the 
specimens. 
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Fig 4.23 Cracking propagation comparison (a) experimental result and (b) numerical 
result 
4.6 Conclusions 
In this chapter, finite element modeling of the proposed DfD M-R connections 
using ABAQUS/standard was carried out and validated by benchmarking against the 
experimental results. Special concerns were focused on modeling simplification and on 
increasing the analysis convergence rate. The finite element modeling was calibrated to 
investigate the sensitivity of several modeling parameters such as mesh schemes, 
concrete element types and the concrete fracture energy on the FEA results obtained. 
Further validation of the FEM was carried out subsequently to verify the model. In 
general, the proposed FEM approach has been verified to be capable of predicting the 
structural behavior of the proposed DfD connections yielding results on overall M-Δ 
behavior and ultimate moment capacity with sufficient accuracy. In summary, some 
conclusions can be drawn as follows: 
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1. It is sufficiently accurate to assume a full bonding behavior at the interfaces 
between the concrete and the steel component parts in the FE modeling of the 
proposed DfD M-R connections. 
2. The FEA results seemed not to be especially sensitive to the mesh element size 
and concrete element types. However, the use of a mesh scheme of size 
30mm×30mm and the 8-node brick element with reduced integration in 
ABAQUS was more computationally cost-effective. 
3. The FEA results have been validated by comparison against the experimental 
results. The comparison has been carried out in terms of M-Δ curves, internal 
stress distribution as well as the cracking propagation. It has been verified 
that the numerical modeling are capable of predicting the structural behavior 
of the proposed DfD connection when subjected to four-point bending load in 
terms of both overall M-Δ behavior and ultimate moment capacity. 
4. The stress contours obtained may help in advance the understanding of the 
actual stress distribution on the steel component parts of the proposed DfD 
connection especially on the embedded endplate. This may also help in 
understanding the discrepancy between the analytical predicted moment 
capacity and the experimental results since a more complicated yielding line 
pattern was formed due to the constraining effect afforded by the encasing 
concrete. 
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CHAPTER 5 
PERFORMANCE OF THE PROPOSED DFD M-R 
CONNECTION WHEN USED AS PART OF A 
STRUCTURAL FRAME 
5.1 Introduction 
The proposed DfD M-R connections have been investigated through experimental 
testing and numerical analysis as presented in the previous chapters. However, the 
study was carried out focusing on the structural characteristics of the proposed DfD 
connection itself rather than when deployed in typical precast DfD structural 
components e.g. beams and columns. When incorporated in an actual RC frame, 
however, the DfD M-R connection is expected to affect the performance of the RC 
frames itself. This will depend not only on how the DfD M-R connection is 
incorporated but also its interaction with the structural elements e.g. beams and 
columns when subjected to loadings. Other potential issues that may arise include 
problems associated with workmanship, lack of fit, fabrication errors and deficiencies 
in material properties, etc. In addition, as the DfD M-R connections is expected to be 
disassembled and the connection reused, damage caused by dismantling operations and 
creep and sustained loading effects should also be considered. 
From the above it is realized that there is a myriad of issues to consider in order to 
assess comprehensively the performance of the proposed DfD M-R connection as part 
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of a typical RC frame. To limit the scope of this study due to lack of time and 
resources the following approaches will be adopted. 
First, use of the DfD M-R connection will be for a RC frame typical of HDB 
apartments. Secondly, the type of structural elements considered will only be beams 
and columns typical of HDB apartment as well. The study on the influence of the 
incorporation of the proposed DfD M-R connection on the global RC frame behavior 
can be performed by laboratory testing or through proven performance in the field. 
However, both of these two methods were deemed to be too time consuming and is not 
feasible within the current study period. The numerical approaches which have been 
validated in Chapter 4 provide a possible mean to conduct further study on the 
performance of the proposed DfD M-R connection when used as part of a typical RC 
frame. Thus, further study based on finite element analysis was performed in this 
chapter mainly focused on the behavior of a typical RC frame model behavior with 
incorporation of the proposed DfD connection and its comparison to similar 
monolithic cast-in-place RC frame model. The proposed DfD connection was deployed 
in a full-scale H-subframe and the characteristic relationships of the proposed DfD 
connection such as load to mid-span beam deflection, strength, stiffness, ductility, 
failure modes and crack patterns are studied and compared between both types of 
structural systems. 
As mentioned previously, the performance of the proposed DfD M-R connection 
may be affected due to poor workmanship during fabrication or at the construction 
stage. An example is the use of insufficient endplate thickness during the fabrication 
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and use of lower strength bolts during installation. The performance of the proposed 
DfD M-R connection may also suffer from potential durability issues such as corrosion 
which may reduce the effective endplate thickness. The above mentioned issues will 
affect the performance of the proposed DfD connection and subsequently affect the 
global behavior of the typical RC frame with the proposed DfD M-R connection 
incorporated. To provide some general guidance on the influence of such issues, a 
parametric study on two main design parameters, viz. the endplate thickness and bolt 
strength of the proposed DfD was carried out in this chapter as well. 
Although the proposed DfD connection is designed to be cast and encased with 
cementitious materials to protect against fire and corrosion, the encasing material at 
the connection region may not be well prepared, compacted, etc. to achieve sufficient 
strength due to problems of access, etc. to the connection region. Poor workmanship 
during casting may also result in large voids at the connection region. Shrinkage of the 
cementitious material placed may also result in delaminating and cracking of the 
encasement material. These may significantly affect the performance of the proposed 
DfD connection and subsequently affect the global behavior of the typical RC frame. 
Thus, the influence of the presence of voids and cracks at the connection region due to 
poor workmanship on the performance of the proposed DfD connection was 
investigated in this chapter as well. This was done by modeling voids at the connection 
region in the finite element models. The influence of the voids on the performance of 
the typical RC frame with the proposed DfD connection incorporated was also 
analyzed. It is worth noting, the voids can also be created on purpose during the 
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construction stage in order to facilitate subsequent disassembly operations of the 
proposed DfD connection as long as the strength of the connection is adequate and 
there is protection for the proposed DfD connection against fire and corrosion. 
5.2 Numerical investigation on a determined H-subframe 
model incorporating the proposed DfD connection 
5.2.1 Considerations for determining the frame model 
From the design point of view, the DfD connection can be located at any location 
within a structural frame as long as the force resistance of the proposed DfD 
connection is satisfactory vis-a-vis the design forces. An obvious choice for locating 
the connection is near the vicinity of the counter-flexure point of a beam so that the 
moment resistance of the proposed DfD connection required is minimal. However, the 
counter-flexure point may vary with the design loading pattern particularly for an 
unbraced frame. The actual location of the counter-flexure point within the span of a 
beam is generally deemed to be located about 0.21leff (leff is the effective span of the 
beam) distance from the centre of the support for a rigid beam when subjected to only 
uniformly distributed vertical loads based on elastic analysis. On the other hand, the 
counter-flexure point of the beam shifts to the mid-span of the beam when only 
subjected to wind or seismic loads. In addition, the counter-flexure point of the beam 
also shifts when subjected to different design loading cases and may be designed for 
different limit states, i.e. ultimate limit and service limit states. Furthermore, the design 
moment at the proposed DfD connection may be higher when reused in a new 
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structural layout with usage of span extension units. Therefore, the proposed DfD M-R 
connection should possess a certain amount of moment resistance to meet the needs of 
various design bending moment envelopes used in actual design. The premise of this 
study is to deploy as far as possible the proposed DfD connection at a less critical 
region within the span of a precast beam, so that the influence of the location of the 
proposed DfD M-R connection may not be the most critical one. Actually, the 
preferred location of the proposed DfD M-R connection within the span of a precast 
beam is more likely to be affected by limitations associated with fabrication and 
transportation as well. For example, too long a beam stump with the proposed DfD 
connection embedded may not be acceptable as it may result in difficulties in 
transportation and erection practices. Thus, the study on the performance of the 
proposed DfD connection incorporated into a structural frame was performed based on 
only one frame model layout with the proposed DfD connection fixed at certain 
locations. Three main considerations may need to be discussed before deciding on a 
representative frame model for study: the location of the proposed DfD connection 
within the beam, the representative load cases and the layout of the typical RC frame 
in which the proposed DfD connection is to be incorporated. They are further 
discussed in the following sections. 
 Determination of the location of the proposed DfD connection in this 
study 
As mentioned previously, the location of the proposed DfD connection is more 
likely to be determined based on the need to facilitate fabrication, transportation and 
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erection. As such the connection is proposed to be located at less critical regions within 
the span of the beam. On the other hand, it is also preferable to have fewer variations 
in the types of precast component configurations to reduce fabrication costs. Therefore, 
it may be more cost-effective to have fewer variations in typical precast component 
configuration able to suit a number of structural layouts with some over-design in built 
rather than designing a range of precast components individually to suit various local 
requirements. It is possible to use the proposed DfD connection at the counter-flexure 
point especially when only gravity load is considered as mentioned previously. Thus, it 
may be reasonable to have a precast column with a certain length of extruded beam 
stump so that the proposed DfD connection will be located near the vicinity of the 
counter-flexure point of RC beams of spans most frequently encountered in the 
structural layout of typical HDB apartment blocks. Based on the above discussions a 
typical 2-room HDB layout was selected for this study as shown in Fig 5.1. It is noted 
that the size of columns as used in HDB apartment have cross-sections b×h that are 
such that b/h>2.0. The beam connected to the column either in the strong axis (b) or 
weak axis (h) direction. Due to less space available for anchorage and lower bending 
stiffness in the weak axis of the column, the beam spanning in this direction is usually 
designed to be simply supported. This kind of beam is out of the main focus of this 
study and thus only the beams spanning in the strong axis of the rectangular column 
(frame direction) as shown in Fig 5.1 were considered. It is noted that the frame beams 
are spaced at typical nominal spans (distance between column centres) of 4.55m. 
Therefore, the counter-flexure point of these beams is set at a distance of about 1.0m 
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away from the centre of the column when subjected to uniformly distributed gravity 
load based on elastic analysis. This value was used for deciding the location of the 
proposed DfD M-R connection in the proposed structural layout for this study. 
 
Fig 5.1 Typical 2-room layout example of HDB flat 
 Representative load cases 
Two load cases viz. uniformly distributed vertical (gravity) load (UDL) and 
lateral load (LL) are commonly considered as recommended by the prevailing design 
codes such as SS EN 1992-1-1 (2008). Thus, they were also considered in this study. 
The lateral load may arise from wind loading exerted on the face of the structural 
components. Since seismic effects do not apply in Singapore, thus only wind loads 
were considered for the lateral load case. The wind load exerted on the external face of 
vertical structural member such as columns and walls is usually simplified as a 
concentrated loads applied at the storey level in design. This was also adopted in this 
study. Although, it is rarely considered in conventional design, a reversed cyclic load 
may be essential for a typical DfD connection design. The reversed cyclic load may 
arise during the deconstruction stage. The magnitude of load, how it is applied, etc. is 
rather complicated and case specific. Thus, this deconstruction load was simplified by 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
151 
applying a determined reversed lateral load at the storey level for the purpose of this 
case study. A more detailed description is available in Section 5.2.3   
 Layout of typical RC frame in this study 
It is usually not necessary to attempt an analysis of the complete RC structure 
subjected to vertical loading. Sub-frame analysis is usually permitted in the prevailing 
codes to facilitate simple calculations. Several simplified sub-frames incorporating 
continuous columns and beams such as cruciform-subframe and H-subframes are 
suggested in the SS EN 1992-1-1 (2008) when only vertical load is considered. It is 
noted the analysis carried out on cruciform-shaped subframe do not allow the 
redistribution of hogging bending moments at the end of the beam. In addition, the 
rotational deformation occurring at the beam-column junction under loading will be 
relatively smaller than that in the case of H-subframe. Furthermore, in the event as will 
be discussed in Section5.2.3 the H-subframe adopted was able to demonstrate 
localized tensile cracking of the edge columns due to yielding of the longitudinal 
reinforcement at the tensile face of the column. Thus, analysis based on H-subframe 
model was deemed to be more reasonable to facilitate observation of the plastic 
deformation occurring at the precast column as well. It is recognized that the 
counter-flexure (zero-moment) point are usually assumed to be in the middle of the 
columns in frames when subjected to UDL. Therefore, the selected length of the 
columns was assumed to be one-half of the height of the column to simplify the model. 
Based on the discussion above and the typical 2-room HDB structural layout, the 
H-subframe model configuration was proposed as shown in Fig 5.2. It is noted the 
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column size is 300mm×1000mm with a height of 2800mm and the precast beam is of 
dimensions 300mm width and 500mm depth. These dimensions as commonly adopted 
in HDB practice. The columns are placed with its larger breadth in the direction of the 
span of the beam with a clear span of 4.0m. The counter-flexure point of the beam 
where the proposed DfD connection was located was about 0.5m away from the 
column face as discussed previously in Section 5.2.1.1. It is noted that the beam 
behavior is the main focus in this study, thus the column has been designed to be much 
stronger than the beam. This was achieved by adequate selection of the structural 
component dimensions with the required rebar detailing as necessary. 
The typical concrete properties obtained from the experimental tests were adopted 
in the sub-frame models and only the proposed DfD A500 and B500 connection were 
modeled for comparison. The rebar detailing and the steel component parts of the 
proposed DfD connection are shown in Fig 5.3. It is noted that a typical strong column 
design as used in HDB flats with 5T25 longitudinal (2 layers) rebars and 3R10 links 
was used at the beam-column connection region. The beam rebar detailing as used in 
the experimental test specimens in Chapter 3 was maintained in this sub-frame model. 
The potential moment resistance at the end of the RC sections and the proposed DfD 
connection are summarized in Table 5.1. Also shown is the elastic bending moment 
diagram of the sub-frame model when subjected to UDL and LL respectively. Since 
the proposed DfD connection has been located near the vicinity of the counter-flexure 
point of the beam (where the design moment is shown to be very small), failure of the 
connection is not likely to govern the design when the sub-frame model is subjected to 
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UDL. However, when the sub-frame model is subjected to LL, the proposed DfD 
connection will also be subjected to relatively high design moment which is 
comparable to the design moment at the end of the beam. Since the design moment 
capacities of the proposed DfD connection is much lower than that of the RC sections, 
failure of the proposed DfD connection may govern design in this case.  
Table 5.1 Theoretical moment resistances of the RC beam section and the proposed 
DfD connections obtained based on numerical analysis 
Cross sections 










End of beam -331.6 +207.9  -275.0 +216.5 
 DfD M-R connection -219.9 —  -201.6 — 
 
 





BMD (subjected to LL) 
 
 
Column axial load from storeys above in an actual structure may affect the 
structural behavior of the column and the beam-column junction region. High column 
axial load constrains rotational deformation at the beam-column junction region. 
However, it is also the intention of this study to investigate the plastic deformation of 
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the column due to large rotational deformation and the internal stress redistribution at 
the beam-column junction due to cracking and yielding of main reinforcement. Thus, a 
nominal column axial load of 1200kN was decided to be applied at the top of the 
column to allow for sizeable rotational deformation to occur at the beam-column 
junction during the analysis. This load may be deemed to be representative of the 
design axial force for columns at the medium to higher levels of a typical HDB 
apartment block, producing around 100  strain in the column reinforcement. This 
approach was also used in Scott’s test (Scott, 1992) on typical beam-column assembly. 
  
 
Fig 5.2 Proposed analytical sub-assembly model 
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Fig 5.3 Detailing of frame model (a) A500-frame (b) B500-frame 
 
5.2.2 Finite element modeling of the sub-frame models 
As mentioned previously, three typical design load cases viz. uniformly 
distributed vertical loading, lateral loading and reversed cyclic loading were 
considered. The finite element models adopted are discussed in this section. 
 Load case 1—uniformly distributed vertical load 
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The sub-frame model when subjected to UDL was simplified due to symmetry as 
shown in Fig 5.4(a). It is noted that the beam was constrained in the longitudinal 
direction due to symmetry and the pinned conditions assumed at both two ends of the 
column. Since a uniformly distributed load was considered in this case, load-control 
analysis has to be invoked. The numerical analysis was conducted by applying the 
nominal column axial load on the top of the column first, followed by applying 
increasing UDL along the span of the beam until failure occurred. The two sub-frame 
models one incorporating the A500 and the other the B500 connection when subjected 
to UDL were named as A-connection-udl and B-connection-udl respectively. It is noted 
that the conventional monolithic RC sub-frame models with no DfD connection were 
also modeled for comparison. They are named as A-monolithic-udl and 
B-monolithic-udl respectively. 
 Load case 2—lateral load 
The sub-frame models when subjected to unidirectional lateral load were 
simplified as shown in Fig 5.4(b) due to anti-symmetry. In this analysis,  
displacement-control analysis was invoked in order to capture the post failure behavior 
of the sub-frame. The analysis was performed by applying the nominal column axial 
load first, followed by applying the displacement on the top surface of the column. The 
corresponding lateral load applied was obtained by integration of the reaction force on 
the top surface of the column throughout the analysis. The two sub-frame models one 
incorporating the A500 and the other the B500 connection when subjected to 
unidirectional lateral loads were named as A-connection-ll and B-connection-ll. The 
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lateral load was also applied in the negative direction as showed by the dashed line in 
Fig 5.4(b) and they were named with suffix ―inve‖. These sub-frame models were also 
adopted to conduct analysis when the sub-frame is subjected to reverse cyclic loads. 
The latter were named as A-connection-cyclic and B-connection-cyclic respectively.  
 
Fig 5.4 Sub-frame models when subjected to (a) uniformly distributed vertical load and 
(b) unidirectional lateral load 
The validated FEM approaches such as the general mesh scheme, element types 
as discussed in Chapter 4 were adopted in the modeling of the proposed sub-frame 
models. Fig 5.5 shows the finite element model of the sub-frame models when 
subjected to UDL. Fig 5.6 shows the finite element model of the sub-frame when 
subjected to unidirectional lateral load. 
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Fig 5.5 FEM of the analysis sub-frame model when subjected to UDL 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
159 
 
Fig 5.6 FEM of the analysis sub-frame model when subjected to lateral load 
5.2.3 Results and discussion 
5.2.3.1 Sub-frame models subjected to UDL 
The results of the sub-frame models with the proposed DfD M-R connection 
incorporated were compared with their corresponding monolithic sub-frame models in 
terms of the applied UDL ―q‖ vs. mid-span deflection ―Δ‖ of the beam as shown in Fig 
5.7 and Fig 5.8. The load deflection response of the beam gave a clear indication of the 
ultimate capacity of the model for all failure mechanisms. However, since a 
load-control analysis was performed, a failure criterion based on the peak point on the 
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q-Δ curves obtained for determining the maximum load (failure load) capacity of the 
sub-frame model seemed not applicable. Thus, a yield loading for each of the models 
was defined taken as the load when the gradient of the q-Δ curves dropped 
dramatically to about 50% of the initial gradient as shown in the figures Fig 5.7 and 
Fig 5.8. It is also found that the outermost layer of the main reinforcement of the beam 
at the beam-column junction yielded at the above defined yield loading. 
In general, it is found that the incorporation of the proposed DfD connection 
seemed to have little influence on the frame behavior in terms of the q-Δ curve when 
subjected to increasing UDL. This was expected as the proposed DfD connection has 
been located to a relatively less critical region, where the design moment is relatively 
low even at failure of the sub-frame model. The sub-frame model A-connection-udl 
showed an assumed yielding load slightly higher than that of A-monolithic-udl. 
However, the sub-frame model B-connection-udl seemed to show a slightly lower 
structural stiffness and assumed yielding load compared to B-monolithic-udl. 
 
 
Fig 5.7 Comparison of q-Δ curves results between the A-connection-udl and 




Fig 5.8 Comparison of q-Δ curves result between the B-connection-udl and 
B-monolithic-udl 
As discussed previously, the concrete crack propagation patterns can be predicted 
based on the concrete tensile damage variable obtained from the CDP model in 
ABAQUS. Fig 5.9 shows the tensile damage variable contours of the A-connection-udl 
and the A-monolithic-udl captured at the assumed yielding loads. It is noted that 
flexural cracking was present on the top of the beam near the column face as well as at 
the soffit of the beam in the vicinity of the mid-span. It seemed that there was no 
significant difference in the crack pattern of the two sub-frame models one with and 
one without the A500 DfD connection. However, one obvious difference is the 
occurrence of cracking between the two endplates of the DfD M-R connection when 
the applied load reached about 190kN/m. The cracking seemed to be much less severe 
than the cracking near the end of the beam. The occurrence of cracking at the DfD 
connection region was expected as with the increase in the external load the moment at 
the end of the beam was redistributed due to the cracking of concrete and ductile 
deformation of the reinforcement, thus the moment at the proposed DfD connection 
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section increased accordingly, resulting in cracking at this section. It is noted that 
horizontal cracking occurred on the tensile face of the column at the bottom level of 
the beam due to flexural deformation of the column in both the RC frames one with 
and the other without the proposed DfD A500 connection. 
Fig 5.10 shows the tensile damage variable contour of B-connection-udl and 
B-monolithic-udl captured at the assumed yielding loads. Besides the occurrence of 
cracking between the two end plates of the DfD connection, two main differences were 
observed. Firstly, the cracking extended into the precast column in model 
B-connection-udl. This was not as severe in the B-monolithic-udl. Secondly, horizontal 
cracking occurred at the tensile face of the column at the bottom level of the beam in 
B-monolithic-udl. The latter was not observed in the B-connection-udl. These may be 
explained when looking into the internal stress of the reinforcement during the analysis. 
It is noted that excessive yielding of the tie-bar and column stirrups at the 
beam-column junction was observed in model B-connection-udl at the yielding load 
which may have resulted in cracks propagating into the column. It is worth noting that 
the section height of the B500 connection is much smaller than the A500 connection 
which may have resulted in a lower stiffness at the section with the DfD B500 
connection resulting in more excessive and localized deformation at the connection 
region and the beam-column junction. Also as mentioned above, high tensile stress was 
noticed in the longitudinal reinforcement on the tensile face of the column in 
B-monolithic-udl which resulted in horizontal cracking at this region. This seems to 
suggest that the behavior of B-monolithic-udl mirrors that of A-speciemns. 
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B-connection-udl, however, did not exhibit this tensile face cracking as all the cracking 
seems to be localized at the weaker beam-column junction region. 
 
 
Fig 5.9 Crack propagation patterns at yielding load (a) A-connection-udl and (b) 
A-monolithic-udl 
 
Fig 5.10 Crack propagation patterns at yielding load (a) B-connection-udl and (b) 
B-monolithic-udl 
The Von-Mises stress contours of the proposed DfD connections incorporated into 
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the A-connection-udl and B-connection-udl models were captured at the assumed 
yielding load as shown in Fig 5.11. It is noted that the main steel sections and bolts of 
the proposed DfD connection was still within their respective elastic range at the 
assumed yielding load of the sub-frame models. Fig 5.12 shows the V-M stress contour 
on the embedded rebar cage and the proposed DfD connection. It is noted that 
extensive yielding was observed in the main reinforcement at the beam-column 
junction and in the vicinity of the mid-span region of the beam. This may verify that 
the yielding of the main reinforcement at the critical region of the RC beam governed 
the failure of the sub-frame model when subjected to UDL as discussed previously. 
 
Fig 5.11 Von-Mises stress contours on the steel plates of the DfD connections  
(a) A-connection-udl and (b) B-connection-udl 
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Fig 5.12 Von-Mises stress contours on the rebar cages with the DfD connection 
(a) A-connection-udl and (b) B-connection-udl 
5.2.3.2 Sub-frame models subjected to unidirectional lateral load 
As discussed previously, the applied lateral load denoted as ―H‖ in the sub-frame 
models when subjected to lateral load (LL) can be obtained by integrating the reaction 
force on the top surface of the column during analysis. The results of the sub-frame 
models when subjected to positive lateral load were compared in terms of applied 
lateral load ―H‖ vs. the displacement ―Δ‖ at the tip of the column as shown in Fig 5.13 
and Fig. 5. 14. Fig 5.15 and Fig 5.16 show the H-Δ curves when the sub-frame models 
were subjected to lateral loading in the opposite direction as discussed previously. It is 
noted that the peak value of the lateral force obtained on the load-displacement curve 
was deemed as the maximum load of the sub-frame model when subjected to LL. 
It is noted that the H-Δ curves obtained from the A-connection-ll and the 
A-monolithic-ll models were quite similar during early stages of loading. The first 
yield of the sub-frame model as shown in the H-Δ curves occurred due to first flexural 
cracking. However, a much higher maximum load was noticed in the A-monolithic-ll 
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model and the A-monolithic-ll-inve model compared to the corresponding sub-frame 
models with the proposed DfD connections as shown in Fig 5.13 and Fig. 5. 14. This 
was expected as the incorporated DfD connection was subjected to relatively higher 
moment when subjected to the LL as discussed previously. 
Fig 5.15 and Fig 5.16 show the H-Δ curves obtained in the B frame models when 
subjected to the unidirectional lateral load. It is found that the reduction in ultimate LL 
of the sub-frame model due to the incorporation of the proposed DfD connection in the 
B-connection-ll and B-connection-ll-inve models was found to be not as obvious as in 
the A-connection-ll and A-connection-ll-inve. This may indicate that the yielding of 
the A500 connection governed the failure of the RC frame when subjected to LL while 
the failure mode of the RC frame with the B500 connection incorporated was not 
significantly affected.. 
 
Fig 5.13 Comparison of H-Δ curves between A-connection-ll and A-monolithic-ll 
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Fig. 5. 14. Comparison of H-Δ curves between A-connection-ll-inve and 
A-monolithic-ll-inve 
 
Fig 5.15 Comparison of H-Δ curves between B-connection-ll and B-monolithic-ll 
 
Fig 5.16 Comparison of H-Δ curves between B-connection-ll-inve and 
B-monolithic-ll-inve 
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The concrete tensile damage variable contours of the sub-frame models were 
captured at maximum ―H‖ load as shown in Fig 5.17 and Fig 5.18. It is noted that the 
cracking patterns on the precast beam was generally similar when comparing the 
sub-frame models with and without the proposed DfD connection. However, cracking 
was observed at the critical region as well as within the beam and extended into the 
precast column in the monolithic RC frame. This was not found in the RC frame with 
the DfD A500 connection incorporated. Cracking seemed to be confined to the precast 
beam in the RC frame with the A500 connection incorporated when subjected to either 
the positive lateral load or negative lateral load. It verified that the yield of the 
proposed DfD A500 connection governed the failure mode of the RC frame. Obvious 
cracking was noticed at the DfD connection as shown in Fig 5.17. On the other hand, 
yielding of the main reinforcement of the beam of the RC monolithic frame resulted in 
cracking propagating into the column. The above mentioned difference between the 
RC frame with and without the A500 connection was not obvious in the case of RC 
frames with and without the B500 connection. Although, obvious cracking was also 
noticed at the DfD B500 connection, the cracking was relatively more uniformly 
distributed probably due to the presence of the continuous tie bar in this design. This is 
indicative of the similar modes of failure observed by RC frames with and without the 
DfD B500 connection incorporated especially when subjected to only LL. 
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Fig 5.17 Concrete tensile damage variable contour at maximum loads 
(a) A-connection-ll (b) A-monolithic-ll (c) A-connection-ll-inve and (d) 
A-monoilthic-ll-inve 
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Fig 5.18. Tensile damage variable contour at maximum laods 
(a) B-connection-ll (b) B-monolithic-ll (c) B-connection-ll-inve and (d) 
B-monoilthic-ll-inve 
5.2.3.3 Sub-frame models subjected to reverse cyclic lateral load 
As mentioned previously, a reverse cyclic load may arise during deconstruction 
operations, thus the structural behavior of the sub-frame model when subjected to 
predefined reverse cyclic lateral loading as shown in Fig 5.19 were also investigated in 
this section. The results of the sub-frame model with and without the proposed DfD 
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connections are compared in terms of H-Δ hysteretic curves as shown in Fig 5.20 and 
Fig 5.21.  
It is noted that the structural stiffness of the sub-frame models seemed to be 
unaffected by the reverse cyclic lateral load when the applied lateral displacement was 
smaller than 14mm, i.e. 1.0% drift ratio. However, when the applied displacement was 
increased beyond 28mm, i.e. 2.0% drift ratio, the structural stiffness of the sub-frame 
models incorporating the proposed DfD connection was reduced significantly mainly 
due to the plastic deformation occurring at the vicinity of the proposed DfD 
connection. 
It is worth noting that although there was some residual displacement with an 
increase in the loading cycles, the ultimate load capacities of the sub-frame models 
seemed to be unaffected. In general, the sub-frame model incorporating the proposed 
A500 connections seemed to be able to sustain a displacement of 42mm, i.e. about 3% 
drift ratio. And the sub-frame model incorporating the proposed B500 connection was 
able to sustain a displacement of 28mm, i.e. about 2.0% drift ratio. Beyond which the 
load resistance of sub-frame model started to reduce gradually with increase in the 
applied displacement and loading cycle. 
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Fig 5.19 Reverse cyclic load applied in frame model analysis 
 
 
Fig 5.20 Hysteresis loops of A-connection-cyclic and A-monolithic-cyclic 
 
 
Fig 5.21 Hysteresis loops of B-connection-cyclic and B-monolithic-cyclic 
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5.3 Parametric study of main design parameters of the 
proposed DfD M-R connections 
As mentioned previously, the structural performance of the proposed DfD 
connection may be affected by other potential issues such as fabrication errors, poor 
workmanship during constructions, lack of fit, etc. The effects of these are difficult to 
study comprehensively as these potential issues encompass a wide range with effects 
of severity ranging minor to major. For illustration if we consider the case of a defect 
in the weld of an endplate. This defect may be localized affecting only a small region 
or it may affect the whole length of the weld itself. Thus for the purpose of this study 
only two design parameters are dealt with. Variation in the endplate thickness and in 
the bolt grade and how these affect the performance of the proposed DfD connection 
when incorporated in the typical RC frame will be discussed in this section. A 
parametric study was conducted to investigate the influence of varying these two design 
parameters viz. the endplate thickness and the bolt grade on the structural behavior of 
the proposed DfD M-R connections. 
5.3.1 Influence of endplate thickness at connection level 
As discussed in Section 2.2.1, the moment resistance of the proposed DfD 
connections depends mainly on the potential forces mobilized in the equivalent T-stub 
by each bolt row. This may be governed by three different failure modes of the 
equivalent T-stub. It is obvious that the thickness of endplate is one of the main 
parameters that may affect the structural behavior of the proposed DfD M-R 
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connection. 
In this section, the influence of endplate thickness on the structural behavior of the 
A500 and B500 connections were investigated by varying the endplate thickness, viz. 
10mm, 15mm, 20mm and 30mm for specimens similar to those subjected to the 
four-point-bending tests as discussed in Section 3.2.2. Fig 5.22 show the M-Δ curves 
obtained for the A500 connection with the various endplate thicknesses. It is noted that 
the M-Δ curves seemed to be unaffected during the early stages of loading. However, 
with further increase in loading, the flexural stiffness was higher for those with thicker 
endplate thickness. In addition, it is noted that there was an obvious increase in the 
ultimate moment capacity as the endplate thickness increased from 10mm to 20mm. 
This was not obvious when the endplate thickness was increased from 20mm to 30mm. 
It is noted that this finding only applies for the proposed design as investigated in this 
study. 
Similarly, the M-Δ curves obtained for the proposed B500 connections with 
different endplate thicknesses are shown in Fig 5.23. It is noted that the influence of the 
endplate thickness on the structural stiffness of the B500 connection was not as obvious 
as for the A500 connection. This is not unexpected as the contribution to overall 
stiffness by the embedded steel section is smaller due to the smaller depth vis-a-vis the 
A500 connection. However, the ultimate moment capacities of the B500 connection 
were about 10% higher when the endplate thickness was increased from 10mm to 
20mm.  
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Fig 5.22 M-Δ curves of A500 specimens with various endplate thicknesses 
 
Fig 5.23 M-Δ curves of B500 specimens with various endplate thicknesses 
 
5.3.2 Influence of bolt grades at connection level 
The strength of the bolts will also affect the potential force resistance of the 
equivalent T-stub as per SS EN 1993-1-8 (2010). Thus the influence of bolt grade on 
the structural behavior of the A500 and B500 connections was investigated in this 
section by varying the grade of bolt viz. Grade 5.8, Grade 6.8, Grade 8.8 and Grade 10.9. 
The yield strengths of the bolts were 400, 480, 640 and 900MPa respectively and the 
ultimate strengths of the bolts were 500, 600, 800, and 1000MPa respectively as per SS 
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EN 1993-1-8 (2010). The maximum strain corresponding to the ultimate strength of the 
bolts was assumed to be 0.1 and the elastic modulus was assumed to be 200GPa (Hanus 
et al., 2011). The fracture percent elongation of Grade 5.8 and Grade 6.8 was assumed 
to be 0.20 while the fracture percent elongation of Grade 8.8 and Grade 10.9 were 
assumed to be 0.12 and 0.11, respectively according to BS EN ISO 898-1:1999 (BSI, 
1999).  
Fig 5.24 and Fig 5.25 show the M-Δ curves of the models with respect to the 
various bolt grades. It is noted, for the A500 connection, the structural stiffness of the 
connection was increased slightly with an increase in the bolt yield strengths. On the 
other hand, the ultimate load capacity of the connection increased with an increase in 
the bolt grades for bolt grades lower than Grade 8.8. Beyond Grade 8.8 the results 
suggest that the impact of bolt grade on ultimate load capacity is not critical. In addition, 
the adoption of a bolt grade lower than Grade 8.8 has resulted in a sharper descending 
portion of the M-Δ curves after the ultimate load due to premature failure of the bolts. 
It is noted that, for the B500 connection, structural stiffness was unaffected by 
increasing the bolt yield strength. It is likely that the tensile stress is lower as the bolts 
were located much further away from the tensile face of the beam specimen vis-a-vis the 
A500 connection. However, increasing the grade of the bolts resulted in a consistent 
increase in the ultimate moment capacity of the connection. On the other hand, the 
ductility performance of the connection seemed to be unaffected even in the case of bolt 
grades lower than Grade 8.8. 
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Fig 5.24 M-Δ curves of A500 specimens with various bolt grades 
 
Fig 5.25 M-Δ curves of B500 specimens with various bolt grades 
5.3.3 Influence of endplate thickness and bolt grade at the 
sub-frame level 
The influence of varying endplate thickness and bolt grade was also investigated 
when the proposed DfD connection was used as part of a typical RC frame. It is noted 
that only the lowest value of endplate thickness, i.e. 10mm and bolt grade i.e. G5.8 
were selected in this case study. The sub-frame models were analyzed when subjected 
to UDL and LL applied in the negative direction. The result of the sub-frame model 
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when subjected to lateral load in the positive direction is expected to be similar as 
found previously in Section 5.2.3.2. The results were compared with the sub-frame 
models with the original proposed DfD connection, i.e. the endplate thickness of 
15mm and the bolt grade of G8.8. 
 When subjected to UDL 
Fig 5.26 shows the q-Δ curves results of the sub-frame models using endplate 
thickness of 10mm and G5.8 grade bolts when subjected to UDL. It is noted that the 
overall behavior of the sub-frame model was not affected. This was expected as the 
proposed DfD connection was located at less critical region when the sub-frame was 
subjected to UDL. Therefore although some structural characteristics such as flexural 
stiffness and ultimate moment capacity were reduced due to the usage of a 10mm thick 
endplate and lower bolt grade of G5.8 as found in the previous sections when analyzed 
at the connection level, it did not affect the structural behavior of the sub-frame model 
when subjected to UDL. The crack propagation in the sub-frame models was also 
found to be unaffected as shown in Fig 5.27 and Fig 5.28 compared to the result as 
shown in Fig 5.9 and Fig 5.10. 
 
Fig 5.26 q-Δ curves results of the sub-frame models when subjected to UDL (a) 
A-frame and (b) B-frame (thinner endplate and lower blot strength were considered) 
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Fig 5.27 Crack propagation patterns at yielding load when subjected to UDL (a) 
A-frame with endplate thickness of 10mm (b) A-frame with bolt of grade G5.8 
 
Fig 5.28 Crack propagation patterns at yielding load when subjected to UDL (a) 
B-frame with endplate thickness of 10mm (b) B-frame with bolt of grade G5.8 
 When subjected to LL 
Fig 5.29 shows the H-Δ curves results of the sub-frame models with an endplate 
thickness of 10mm and G5.8 grade bolts when subjected to LL. It is noted the 
structural stiffness of the sub-frame models were reduced due to the adoption of the 
10mm thick endplate and bolt grade of G5.8. However, the ultimate load capacity of 
the sub-frame model with the A500 connection incorporated seemed to be unaffected. 
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The ultimate load capacity of the sub-frame model with the B500 connection 
incorporated seemed to be also unaffected by the adoption of a 10mm thick endplate 
thickness. However, it seemed to be reduced due to the lower bolt grade of G5.8 even 
though the full analytical results were not available due to numerical convergence 
issues. On the other hand, the crack propagation in the sub-frame model when 
subjected to LL was not affected significantly as shown in Fig 5.30 and Fig 5.31 
compared to the result as shown in Fig 5.17 and Fig 5.18 
 
Fig 5.29 H-Δ curves results of the sub-frame models when subjected to LL (a) A-frame 
and (b) B-frame (thinner endplate and lower blot strength were considered) 
 
Fig 5.30 Crack propagation patterns at maximum load when subjected to LL (a) 
A-frame with endplate thickness of 10mm (b) A-frame with bolt of grade G5.8 
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Fig 5.31 Crack propagation patterns at maximum load when subjected to LL (a) 
B-frame with endplate thickness of 10mm (b) B-frame with bolt of grade G5.8 
5.4 Influence of void at the connection region 
As mentioned previously, voids could be present at the DfD connection region 
due to poor workmanship. Without proper concrete encasement, not only durability 
issues may arise but the structural performance of the proposed DfD connection could 
also be adversely affected. Thus, it may be necessary to investigate the influence of the 
presence of a permanent void at the connection region on the performance of the 
proposed DfD connection and on the typical RC frame with the proposed DfD 
connection incorporated. As mentioned previously, the void could also be provided on 
purpose in order to facilitate disassembly of the proposed DfD connection with 
minimal demolition work. This could be another reason for the necessity for carrying 
out this study. 
5.4.1 Proposed model of DfD connections with void 
The void as mentioned previously was considered in the finite element modeling 
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by creating a void space one on either side of the proposed DfD connection. The finite 
element models adopted in this analysis are illustrated in Fig 5.32. It is noted that the 
voids one on each opposite sides of the beam is 200mm wide located centrally at mid 
span. The void for the A500 connection is sized to be between the two flange plates 
while for the B500 connection the void is sized between the bottom end of the endplate 
and the top of the flange plate (Fig 5.32). In essence the intention is to fully expose the 
rows of bolts as shown in Fig 5.32. 
 
Fig 5.32. FEM of the four-point-bending test with exposed DfD connections 
5.4.2 Analyses of the connection itself with voids 
Fig 5.33 and Fig 5.34 show the M-Δ curves obtained analytically for specimens 
subjected to the four-point-bending with voids in specimens. The ultimate moment 
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capacities of the proposed DfD connection were represented by the horizontal dashed 
line. It is noted that the ultimate moment capacities of the exposed A500 connection 
and B500 connection obtained were about 187kNm and 157kNm respectively which 
were about 15% to 20% lower than their counterpart without voids. In addition, the 
flexural stiffness of the specimen was significantly reduced due to the presence of the 
voids. On the other hand, the ultimate moment capacities of the proposed DfD 
connection with voids obtained are relatively comparable to the predicted ultimate 
moment resistances of the proposed DfD connection (175kNm for A500 and 191kNm 
for B500) derived using the design equations as described in Section 2.2.1. The 
ultimate moment capacity of B500 specimen obtained numerically is much smaller 
than the analytical prediction. This may due to that the provision of the continuous 
tie-bar which was still embedded in the concrete and constrained the deformation of 
the endplate connection. This constraint may have resulted in a relatively localized 
yielding on the endplate and thus smaller ultimate moment resistance. Although the 
moment capacity of the proposed DfD connection was reduced due to the presence of 
voids, it is worth noting that the proposed DfD connection with voids is still acceptable 
as long as the moment capacity of the connection is satisfactory with the requirement 
and the durability issues are adequately addressed. 
The Von-Mises stress contours of the steel component parts of the proposed DfD 
connections with and without void were captured at the ultimate load as shown in Fig 
5.35 and Fig 5.36. It is noted that yielding of the end plate was much more severe at 
ultimate load for the specimens with voids compared to those without voids. 
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Fig 5.33 M-Δ curves of the four-point-bending test models  
(A500 and A500 with void) 
 
 
Fig 5.34 M-Δ curves of the four-point-bending test models  
(B500 and B500 with void) 
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Fig 5.35 Von-Mises stress contours on the DfD connection steel plates (a) A500 
original and (b) A500 with void 
 
Fig 5.36 Von-Mises stress contours on the DfD connection steel plates (a) B500 
original and (b) B500 with void 
5.4.3 Analyses at the sub-frame level 
Analyses were also performed for sub-frame models incorporating the proposed 
DfD connection with voids at the connection region in this section. The sub-frame 
models when subjected to UDL and LL were analyzed. 
Fig 5.37 and Fig 5.38 show the analytical q-Δ curves of the sub-frame models 
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incorporating the proposed DfD connections with voids at the connection region. The 
―yielding load‖ based on the same assumption as discussed in Section 5.2.3.1 were 
assumed as shown in Fig 5.37 and Fig 5.38. It seemed that the flexural stiffness of the 
sub-frame models incorporating the A500 connection and B500 connection were 
reduced as expected due to the presence of the voids. In addition, the yielding load of 
the sub-frame model incorporating the A500 connection was reduced due to the 
presence of voids as well. 
It is worthwhile to investigate the influence of the voids on the crack propagation 
observed on the sub-frame models. Fig 5.39 and Fig 5.40 show a comparison of 
concrete tensile damage variable contours of the original sub-frame model and the 
sub-frame model with voids at the connection region captured at the assumed yielding 
loads. It is noted that obvious diagonal cracks were present, originating from the 
corner of the voids. These extended up to the surface of the beam. As a result, the 
failure of the RC frame with voids at the proposed DfD connection region was 
localized at the proposed DfD connection and cracking was confined primarily to the 
precast beam with only a few cracks extending into the column. 
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Fig 5.37 Comparison of q-Δ curves of sub-frame models incorporating A500 when 
subjected to UDL (void was considered) 
 
Fig 5.38 Comparison of q-Δ curves of sub-frame models incorporating B500 
connection when subjected to UDL (void was considered) 
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Fig 5.39 Crack propagation pattern at ultimate load when subjected to UDL (a) original 
A-frame model and (b) A-frame model with void 
 
 
Fig 5.40 Crack propagation pattern at ultimate load when subjected to UDL (a) original 
B-frame model and (b) B-frame model with void 
Analyses were also performed in the sub-frame models when subjected to both 
positive and negative lateral loads. Fig 5.41 and Fig 5.42 show the H-Δ curves of the 
sub-frame models incorporating the proposed DfD connection with and without voids. 
It seemed that both the flexural stiffness and the ultimate lateral load capacities of the 
sub-frame models were reduced significantly when the voids were present at the 
proposed DfD connection region. 
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Fig 5.41 Comparison of H-Δ curves of sub-frame models incorporating A500 when 
subjected to lateral load (a) positive lateral load and (b) negative lateral load  
(void was considered) 
 
Fig 5.42 Comparison of H-Δ curves of sub-frame models incorporating B500 
connection when subjected to lateral load (a) positive lateral load and (b) negative 
lateral load (void was considered) 
5.5 Investigation on damage occurring during 
deconstruction—a conceptual analysis of pull out 
pre-embedded anchors 
As discussed in Chapter 3, minor damage occurred at the steel component parts of 
the proposed DfD connection and stirrups during deconstruction using mechanical 
demolition. Although the damage was deemed to be localized and was unlikely to 
affect the performance of the proposed DfD connection, the method using mechanical 
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demolition was deemed to be too time consuming and not environmentally friendly.  
Some more environmentally friendly measures should be further explored. In this 
section, another means to facilitate disassembly operations of the proposed DfD 
connection is explored. It is proposed to use pre-embedded anchors which are designed 
to be pulled out along with a failure of cone of the encasing material around the row of 
bolts. Since the pre-embedded anchors will only affect the encasement material at the 
connection, the analysis was only carried out for this portion of the precast beam with 
the proposed DfD connection incorporated. 
The set-up as proposed is shown in Fig 5.43. The embedment length of the headed 
anchor was about 115mm and the distance from the centre of the anchor to the surface 
of the endplate was about 50mm. It is noted that the weld of the pre-embedded anchor 
should be adequately designed to avoid fracture failure of the weld between the head 
and the bolt occurring during pull out operations. This study is intended to 
conceptually validate the feasibility of the pull out disassembly method and investigate 
the potential damage that may occur during deconstruction using finite element 
analysis. Some simplification has been adopted. For example, although a full-scale 
DfD connection was modeled, the main reinforcement was excluded as it was deemed 
to be unaffected during the pull out process according to Saint Venant’s Principle. In 
addition, only part of the precast beam with the proposed DfD connection incorporated 
was modeled as shown in Fig 5.43. It is noted that only the proposed A500 connection 
was analyzed in this study. Some FEM approaches as used in ABAQUS/Standard such 
as ―CDP model‖ ―embed interaction constraint‖ and ―C3D8R element‖ which has been 
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discussed and validated in Chapter 4 were adopted in modeling the pull out analysis. 
However, a finer mesh scheme of 10mm×10mm has been used in order to gain a 
clearer illustration of concrete crack propagation as shown in Fig 5.44. The analysis 
was performed by applying an increasing tensile load at the exposed end of the 
pre-embedded anchor till the failure occurred. 
 
Fig 5.43 Details of the proposed analytical model of the pull out pre-embedded anchor 
It is worth noting that the adopted finite element model was not able to capture 
the final pull out of the pre-embedded anchor. The adopted modeling methodologies 
such as the ―CDP model‖ and the ―embed interaction constraints‖ have inherent 
limitations in modeling the actual pull out of the anchor embedded in concrete. The 
former based essentially on a smear cracking methodology which used the damage 
variables to represent cracking width and crushing deterioration of concrete elements, 
and thus the element was not removed when the respective elements were cracked 
and/or crushed with increasing pull out load. The latter assumed that the degrees of 
freedom (DOFs) of the steel element were constrained by DOFs of the surrounding 
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concrete nodes as mentioned previously. Therefore, separation of the concrete from the 
steel elements was not fully simulated. Although the real pull out process was not fully 
simulated in this study, the effects of the pull out and the stresses generated within the 
encasement material can be studied using the damage variable results generated. 
Fig 5.45 shows the concrete tensile damage variable contour and concrete 
compressive damage variable contours captured at the yielding of the pre-embedded 
anchor. The view as shown was at a cut section along the centre of the pre-embedded 
anchor. It can be seen that a concrete cone with severe damage was formed at yielding 
of the pre-embedded anchor. Since the separation of the concrete element from the 
steel was not fully simulated, the pull out failure of the concrete cone may have 
occurred prior to the yielding of the pre-embedded anchor. Based on this finding, it is 
reasonable to conclude that the means to facilitate disassembly operation using pull out 
of pre-embedded anchor seemed to be feasible. 
The damaged element can be removed during post-processing of the analysis to 
have a prediction of the possible configuration of the failed concrete cone as shown in 
Fig 5.46. It is noted that the elements with a damage variable larger than 0.05 was 
removed. It is clearly shown that the bolt connections can be easily accessed when the 
pre-embedded anchor was pulled out together with a failed concrete cone as shown. It 
is worth noting that the steel component parts of the proposed DfD connection was still 
behaving within the elastic stage at the end of the analysis which indicated that the pull 
out process was not likely to cause damage to the proposed DfD connection and thus 
the method of pull out pre-embedded anchor to facilitate the disassembly of the 
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proposed DfD connection was conceptually feasible. However, full-scale experimental 
tests may still be needed to verify the applicability of the method and investigate the 
influence of the pull out process on the structural components. The study was still 
going on by other researchers of the NUS DfD research team. Some preliminary 
results are presented and discussed in the following section. 
 
Fig 5.44 FEM of proposed pull-out test 
 
 
Fig 5.45 Damage plotted on the cut section of the centre of the anchor (a) tensile 
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damage variable contour and (b) compressive damage variable contour 
 
Fig 5.46 Concrete damage variable plots with damaged element removed (a) tension 
damage and (b) compression damage 
Quah (Quah, 2013) carried out a series of experimental pull out tests of 
pre-embedded anchors to verify the effectiveness of the method to facilitate access to 
the DfD bolted connections. Rather than modeling the entire proposed DfD connection 
as conceptualized in the FEA as discussed before, one-half of full-scale specimens 
were prepared and tested as shown in Fig 5.47. The specimens have been prepared cast 
in three layers viz. precast portion, cast-in-situ slab layer and the connection region 
cast using mortar to simulate the construction procedure in practice. It is noted that the 
specimens were inverted to facilitate pull-out testing after curing. Since one-half of the 
DfD connection was prepared, there are only four anchors to be pulled out. The tests 
were conducted by pulling out the anchors one by one in sequence. This series of tests 
was also intended to investigate the effectiveness of anchors with different head 
configurations and the influence of the use of polystyrene as cover material placed 
above the bolted connection. More details are available in Quah’s thesis (Quah, 2013). 
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The cracking propagation patterns of one of the test specimens during the pull-out 
process were illustrated as shown in Fig 5.48. As can be seen, the anchors were pulled 
out accompanied by failure of a large mortar chunk as shown in (b) of Fig 5.48. The 
result was rather similar to the numerical simulation as shown in Fig 5.46. It seemed 
that the method of pulling out the pre-embedded anchor was quite effective in 
removing the encasing mortar at the connection region and is expected to facilitate 
disassembly operations of the proposed DfD connection. However, it is worth noting 
that only half of the proposed DfD connection was modeled in the specimens tested. 
Thus, the presence of free surfaces at the top and bottom of the specimens may render 
cracking propagation easier, thus contributing to ease of pull out of a large mortar 
chunk. In addition, cracking damage was also observed on part of the specimen outside 
the connection region due to the short size of the specimens tested. Research was still 
going on and needed in order to have a full appreciation of the applicability and 
effectiveness of the pull out method in facilitating disassembly of the proposed DfD 
connection.  
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Fig 5.47 Details of pull-out test (a) specimen preparation and (b) pull-out test set-up 
 
Fig 5.48 Crack propagation patterns of pull-out test specimen A1 (Quah, 2013) 
5.6 Conclusions 
In this chapter, the validated finite element approaches were adopted to 
investigate the performance of the proposed DfD connection when used as part of a 
typical RC H-subframe. The influence of the incorporation of the proposed DfD 
connection on the structural behavior of the adopted structural H-frame was 
investigated through comparisons with the analytical results of conventional 
monolithic RC frames. The study was also extended to investigate the influence of two 
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design parameters viz. the endplate thickness and bolt grades on the structural 
performance of the proposed DfD connection through parametric study. In addition, 
the influence of the voids presents at the connection region on the performance of the 
proposed DfD connection and the RC frame with the proposed DfD connection 
incorporated was studied through numerical analysis as well. Furthermore, some 
means to facilitate disassembly of the proposed DfD connection was proposed. The 
measure was conceptually verified through finite element analyses. Possible damage 
occurring during deconstruction was also investigated. In summary, some of the main 
findings are as follows: 
1. The sub-frame model incorporating the proposed DfD connections (A500 and 
B500) behaved similarly to their corresponding monolithic frames when 
subjected to only uniformly distributed vertical load as the connection was 
located at a less-critical regions within the span of the beam. However, the 
cracking propagation pattern especially in cracks propagating into the column 
showed some differences between the two types of RC frames, with and 
without the proposed DfD B500 connection. 
2. The structural stiffness and ultimate lateral load capacity of the sub-frame 
models incorporating the proposed A500 connection when subjected to 
unidirectional lateral load was found to be much lower than that of their 
corresponding monolithic sub-frame models. This is because the proposed 
DfD connection was subjected to rather high design moments when the 
sub-frame model was subjected to lateral load. The failure of the proposed 
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DfD connection governed the failure of the sub-frame model in this case. On 
the other hand, a reduction in the ultimate load capacity due to incorporation 
of the proposed DfD connection was not found in the sub-frame model when 
the B500 connection was used, probably due to the presence of continuity tie 
bars. The failure mode of the RC frame with and without the B500 
connection very similar when the frame was subjected to only lateral loading. 
3. The sub-frame model incorporating the proposed DfD connections seemed to 
be unaffected by the reverse cyclic loading applied. In general, the sub-frame 
models incorporating the proposed A500 connection can sustain a 
displacement of 42mm, i.e. about 3.0% drift ratio while the sub-frame model 
incorporating the proposed B500 connection can sustain a displacement of 
28mm, i.e. about 2.0% drift ratio before the load capacity starts to taper off. 
4. In general, increasing the endplate thickness and the bolt grades will result in 
an increase in the structural stiffness and ultimate moment capacity of the 
proposed DfD connections. However, the influence seemed to be less 
significant when the endplate thickness is larger than 20mm and the bolt 
grade is larger than Grade 8.8. It is noted that this finding only applies for the 
design as investigated in this study. The influence of endplate thickness and 
bolt grade seemed to be much less significant on the structural behavior of 
the sub-frame models with the proposed DfD connection incorporated 
especially when subjected to UDL. 
5. The presence of voids at the connection region due to poor workmanship or 
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provided on purpose to facilitate disassembly operations will affect the 
performance of the proposed DfD connection and the RC frame with the 
proposed DfD connection incorporated. In general, the presence of voids at 
the connection region will result in a significant reduction in the structural 
stiffness and ultimate load capacity of the proposed DfD connection itself and 
the sub-frame models incorporating the proposed DfD connections. However, 
it is worth noting the proposed DfD connection with voids is still acceptable 
as long as the moment capacity of the connection is satisfactory and the 
durability issues are adequately addressed. 
6. Use pre-embedded headed anchors which is designed to be pulled out along 
with a failure of concrete cone was numerically verified to be feasible and 
may be a more environmentally friendly method to facilitate disassembly of 
the proposed DfD connections. It is noted the pull out process of the 
pre-embedded anchor was not found to cause damage to the main steel 
component parts of the proposed DfD connection. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
Application of DfD concepts in the building industry has gained world-wide 
research interest in recent years due to its inherent benefits both economically and 
environmentally. However, it is obvious that available DfD research is seldom focused 
on demountable high-rise residential building systems as there are few if any DfD M-R 
connections. This dissertation proposed a feasible DfD moment-resisting connection 
for implementation in residential high-rise apartment blocks in Singapore. The 
proposed DfD M-R connection was studied and the finding reported in this dissertation 
based on the experimental investigation and numerical study carried out. 
6.1 Proposal and experimental investigation of a DfD 
moment-resisting connection  
Firstly, a DfD M-R connection was proposed based on the bolted endplate 
connection. Modifications were proposed to facilitate the application of the connection 
for use as a moment resisting DfD connection. Theoretical calculations of the 
structural properties of the proposed DfD connection were reviewed and some 
essential considerations for the incorporation of the proposed DfD connections were 
discussed. Preliminary numerical analysis of the proposed DfD connection was carried 
out to assess the structural properties of the proposed DfD connection prior to 
conducting full-scale experimental testing. 
Designing Moment-Resisting Connection for Disassembly for Implementation in Precast Reinforced Concrete Structure 
201 
Secondly, a three-phase experimental test programme was conducted to 
investigate the structural performance of the proposed DfD M-R connections. The 
details of which were covered in Chapter 3 of this thesis. In general, it was verified 
that deconstruction and reconstruction of the proposed DfD M-R connection were 
feasible through the experimental tests carried out. The proposed DfD connections 
were found to possess significant moment resistance. It is worth noting that the process 
of deconstruction and reconstruction will not affect the structural performance of the 
proposed DfD connection providing necessary repairing and strengthening work were 
carried out prior to reconstruction. In addition, the proposed DfD connection also 
showed good ductile performance based on the experimentally obtained CDF and DDF 
values. 
Based on the test results, it seemed that the A-series and B-series design perform 
similarly in terms of flexural strength and ductile performance in this current design. 
However, the A-series design could be more preferable due to several obvious reasons. 
Firstly, the section stiffness and the ultimate moment capacity of the A-series design 
could be much higher than the B-series design due to the incorporation of deeper 
I-section and endplate. Secondly, the demolition work required in the A-series design 
could be much less than the B-series design due to thinner cast-in-situ slab layer and 
no structural topping. Thirdly, the provision of the nominal rebar above the A-series 
connection makes the design more flexible as well as improves the crack control 
performance of the A-series design. 
The structural characteristics of the proposed DfD M-R connection, such as 
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displacement-moment hysteresis curves, stiffness degradation, crack propagation, 
energy dissipation capacity and displacement ductility factor, when subjected to 
reverse cyclic loading were investigated through a series of cantilever pushover tests in 
Phase-3. It is noted that the flexural performance such as the flexural strength and 
ductile performance of the proposed DfD connection seemed to relatively insensitive 
to reverse cyclic loading. Details of the findings based on the experimental results 
were reported in Chapter 3. 
6.2 Finite element analysis for further study on the proposed 
DfD M-R connections  
Finite element analysis using the ABAQUS/standard package was carried out for 
further study on the proposed DfD M-R connections. The adopted finite element 
modeling (FEM) approaches were calibrated and validated by comparing the FEA 
results against the experimental results. In general, the proposed FEM approaches were 
verified to be sufficiently accurate for modeling and analyzing the performance of the 
proposed DfD connections. 
6.3 Study on the performance of the proposed DfD 
connection when used as part of a structural H-frame 
The study was further extended by using the finite element simulation to 
investigate the performance of the proposed DfD connection when used as part of a 
structural H-frame. The structural characteristics of the adopted H-subframe such as 
the load vs. mid-span deflection curves, ductility, structural stiffness and the crack 
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propagation patterns of the sub-frame models incorporating the proposed DfD 
connections when subjected to three design load cases were studied and the results 
compared with those of conventional monolithic RC frame models. Parametric study 
was also carried out to investigate the influence of two design parameters, viz. the 
endplate thickness and the bolt grades on the structural performance of the proposed 
DfD connection to provide relevant guidance for the design and application of the 
proposed DfD connection in typical structural RC frames. The influence of possible 
voids present at the connection region due to poor workmanship on the performance of 
the proposed DfD connection was also discussed through results obtained by finite 
element analysis. Some means to facilitate disassembly operations were explored and 
conceptually verified based on finite element analysis and some preliminary results 
obtained by another member of the research team. Some of the main findings were 
reproduced here as follows: 
1. The sub-frame model incorporating the proposed DfD connections (A500 and 
B500) behaved similarly to their corresponding monolithic frames when only 
subjected to uniformly distributed vertical load as the connection were 
located at a less-critical regions within the span of the beam. However, the 
cracking propagation patterns especially in the adjoining column showed 
some differences between the two types of RC frames with and without the 
proposed DfD B500 connection. 
2. The structural stiffness and ultimate lateral load capacity of the sub-frame 
models incorporating the proposed A500 connection when subjected to 
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unidirectional lateral load was found to be much lower than that of their 
corresponding monolithic sub-frame models. It is because the proposed DfD 
connection was subjected to relatively high design moments when the 
sub-frame was subjected to lateral loads. The failure of the proposed DfD 
connection governed the failure of the sub-frame model in this loading case. 
On the other hand, reduction in the ultimate load capacity due to 
incorporation of the proposed DfD connection was not observed in the 
sub-frame model when the B500 connection was incorporated, probably due 
to the presence of the continuity tie bars. 
3. The sub-frame model incorporating the proposed DfD connections seemed to 
be unaffected by the reverse cyclic loading applied. In general, the sub-frame 
models incorporating the proposed A500 connection can sustain a 
displacement of 42mm, i.e. about 3.0% drift ratio while the sub-frame model 
incorporating the proposed B500 connection can sustain a displacement of 
28mm, i.e. about 2.0% drift ratio before the load capacity started to taper off. 
4. In general, increasing in the endplate thickness and the bolt grades will result 
in an increase in the structural stiffness and ultimate moment capacity of the 
proposed DfD connections. However, the influence seemed to be less 
significant when the endplate thickness is increased beyond 20mm or when 
the bolt grade is larger than Grade 8.8. It is noted that this finding only 
applies for the proposed design as investigated in this study. The influence of 
endplate thickness and bolt grade seemed to be much less significant on the 
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structural behavior of the sub-frame models with the proposed DfD 
connection incorporated especially when subjected to UDL. 
5. The presence of voids at the connection region due to poor workmanship or 
when provided on purpose to facilitate access to the bolts will affect the 
performance of the proposed DfD connection and the RC frame with the 
proposed DfD connection incorporated. In general, the presence of voids at 
the connection region will result in a significant reduction in the structural 
stiffness and ultimate load capacity of the proposed DfD connection itself and 
the sub-frame models incorporating the proposed DfD connections. However, 
it is worth noting the proposed DfD connection with voids is still acceptable 
as long as the moment capacity of the connection is satisfactory with the 
requirement and the durability issues are adequately addressed. 
6. Use of pre-embedded headed anchors which is designed to be pulled out 
along with a failed concrete cone was numerically verified to be feasible and 
may be suggested as a more environmentally friendly method to facilitate 
disassembly of the proposed DfD connections. It is noted the pull out process 
of the pre-embedded anchor was not found to cause any damage to the main 
steel component parts of the proposed DfD connection. 
6.4 Recommendation for future study 
In general, the future research on the proposed DfD M-R connection could be 
suggested as follows: 
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1. Further full-scale experimental tests can be prepared and conducted to verify 
the feasibility and effectiveness of the proposed deconstruction method by 
pulling out of other configurations of pre-embedded anchors. The tests should 
focus on different configurations of the pre-embedded anchors, pull-out 
devise setup and bolt configuration. 
2. Full-scale experimental tests can be prepared to study the structural behavior 
of the structural frame with the proposed DfD connection incorporated. Mock 
up tests could also be carried out with subassemblies subjected to short and 
long term loading. 
3. Finite element analysis can be performed to investigate the seismic behavior 
of the proposed DfD connections accompanied by experimental tests if 
necessary. 
4. The influence of long-term effects such as concrete creep and shrinkage can 
be studied through long-term experimental test programme and exposure to 
aggressive environment. 
5. Some other DfD connections such as beam-beam connections, beam-slab 
connections and column-column connections can be explored in the future. 
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APPENDIX A  
A.1 Theoretical calculation of the moment resistance of the 
proposed DfD M-R connection 
Symbols definitions 
fa   Effective throat thickness of weld between endplate and flange 
ca   Effective throat thickness of weld between web and endplate 
wt   Endplate thickness 
m   Distance between the tip of web weld and the centre of bolt (Fig. A. 1) 
xm   Distance between the tip of flange weld and the centre of bolt (Fig. A.3) 
n   Lesser of e and 1.25m 
e  Distance between the centre of bolt and the side edge of the endplate  
(Fig. A.1) 
xe   Distance between the centre of bolt and the top edge of the endplate 
g   Distance between the centres of bolts (Fig. A.1) 
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A.1.1 A500 connection 
 
Fig A.1 A500 connection geometry 
 
Connection geometry (Fig A.1) 




Potential force resistance of bolts in tension zone 
Bolt row 1 
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Calculate effective length of T-stubs. The following equations come from the design 
Table 6.6 as per SS EN 1993-1-8 (2010). 
Leff is the minimum of: 
2 m=471mm* (* means control) 
m =6.64×75=499mm  
Calculate Mp for the endplate 
Mp=
2 / 4eff e uL t f  =12796kNmm (Refer to Eq. 2.2 in Chapter 2) 
Mode 1: 
,1, 4 /T Rd pF M m =682kN (Refer to Eq. 2.2 in Chapter 2) 
Mode 2: 
,1, ,(2 ) / ( )T Rd p t RdF M n F m n   =345kN* (Refer to Eq. 2.3 in Chapter 2) 
Mode 3: 
,1, ,T Rd t RdF F =353kN (Refer to Eq. 2.4 in Chapter 2) 
Bolt row 2 
Row 2 alone 
Calculate effective length of T-stubs. From table 6.6 as per SS EN 1993-1-8 (2010), 




2 / 4eff e uL t f  =9509kNmm 
Mode 1: 
,1, 4 /T Rd pF M m =507kN 
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Mode 2: 
,1, ,(2 ) / ( )T Rd p t RdF M n F m n   =288kN* 
Mode 3: 
,1, ,T Rd t RdF F =353kN 
Row 1+2 combined 
Leff is the minimum of: 
2× ( m+p)=472mm* 
m +p=559mm 
Calculate Mp for the endplate 
Mp=
2 / 4eff e uL t f  =12839kNmm 
Mode 1: 
,1, 4 /T Rd pF M m =683kN 
Mode 2: 
,1, ,(2 ) / ( )T Rd p t RdF M n F m n   =468kN* 
Mode 3: 
,1, ,T Rd t RdF F =706kN 
Therefore the potential force resistance of each bolt in tension is: 
Row 1:FT1,Rd=345kN 
Row 2:FT,2,Rd=min(468-288)=180kN 
Moment resistance of A500 connection 
Force equilibrium equation is: concrete compression force=bolt tension force 
Fcc=Fst (Fig A.2) 























  =(345×354+180×294)/1000=175kNm (Refer to Eq. 2.6 in Chapter 
2) 
 
Fig A.2 Force equilibrium for moment resistance calculation of A500 connection 
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A.1.2 B500 connection 
 
Fig A.3 B500 connection geometry 
Connection geometry (Fig A.3) 
40 0.8 2x fm a  =40 -0.8×1.414×12=26.4mm 
ex=40mm 
n=min(e,1.25×mx)=33mm 
Potential force resistance of bolts in tension zone 
Bolt row 1 
Calculate effective length of T-stubs. From table 6.6 as per SS EN 1993-1-8 (2010), 
Leff is the minimum of: 
2 mx=165mm 








Calculate Mp for the endplate 
Mp=
2 / 4eff e uL t f  =2988kNmm (Refer to Eq. 2.2 in Chapter 2) 
Mode 1: 
,1, 4 /T Rd pF M m =452kN (Refer to Eq. 2.2 in Chapter 2) 
Mode 2: 
,1, ,(2 ) / ( )T Rd p t RdF M n F m n   =296kN* (Refer to Eq. 2.3 in Chapter 2) 
Mode 3: 
,1, ,T Rd t RdF F =353kN (Refer to Eq. 2.4 in Chapter 2) 
Bolt row 2 
Calculate effective length of T-stubs. From table 6.6 as per SS EN 1993-1-8 (2010),  
Leff is the minimum of: 
2 m=471mm* 
m =6.64×75=499mm 
Calculate Mp for the endplate 
Mp=
2 / 4eff e uL t f  =12796kNmm 
Mode 1: 
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,1, 4 /T Rd pF M m =682kN 
Mode 2: 
,1, ,(2 ) / ( )T Rd p t RdF M n F m n   =345kN* 
Mode 3: 
,1, ,T Rd t RdF F =353kN 
Moment resistance of B500 connection 
Force equilibrium equation is: concrete compression force=bolt tension force+ tie bar 
tension force 























  =191kNm (Refer to Eq. 2.6 in Chapter 2) 
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Fig A.4 Force equilibrium for moment resistance calculation of B500 connection 
A.2 Full data of experimental test 
A full set of the experimental test results in terms of moment vs. mid-span deflection 
of the four-point-bending test specimens and in terms of load vs. beam tip 
displacement of the cantilever push-over test specimens were included in this section. 
As shown in Fig A.5, A500-1 and A500-2 for example refers to two identical 
specimens tested. 
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A.2.1 Additional result plots of four-point-bending test 
 
Fig A.5 All result of test specimen type A500  
(the specimen 2 failed prematurely due to weld fracture failure) 
 
Fig A.6 All result of test specimen type B500  
(the specimens failed prematurely due to weld fracture failure) 
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A.2.2 Additional result of cantilever push-over test 
 
Fig A.7 Hysteretic curves of A500 test specimen 
 
Fig A.8 Hysteretic curves of B500 test specimen 
 
Fig A.9 Hysteretic curves of A650 test specimen 
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Fig A.10 Hysteretic curves of B650 test specimen 
 
Fig A.11 Hysteretic curves of WP650 test specimen 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
